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Abstract
Backgroud  Hypoadiponectinemia is the important cause of insulin resistance. Recent studies have shown that 
periodontitis is associated with hypoadiponectinemia. The purpose of this study was to investigate the effect of 
periodontitis-induced endoplasmic reticulum stress (ERS) in visceral adipocytes on hypoadiponectinemia.

Methods  Rat periodontitis models were established by local ligation with silk around the bilateral maxillary second 
molars. Porphyromonas gingivalis-lipopolysaccharid (P.g-LPS) was also used to stimulate the visceral adipocytes in 
vitro. The protein expression levels of glucose regulated protein 78 (GRP78), inositol-requiring protein 1α (IRE1α), 
protein kinase RNA-like ER kinase (PERK), activating transcription factor 6 (ATF6) and adiponectin were detected. IRE1α 
lentiviruses were transfected into visceral adipocytes in vitro, and an IRE1α inhibitor (KIRA6) was injected in epididymal 
adipose tissue of rats to detect and verify the effect of ERS on adiponectin expression in visceral adipocytes in vivo.

Results  Hypoadiponectinemia was observed in periodontitis rat, and the expression levels of ERS key proteins GRP78 
and the phosphorylation levels of IRE1α (p-IRE1α)/IRE1α in visceral adipocytes were increased, while the expression 
levels of adiponectin protein were decreased. After KIRA6 injection into epididymal adipose tissue of rats with 
periodontitis, adiponectin levels in visceral adipocytes increased, and serum adiponectin levels recovered to a certain 
extent. The protein expression levels of GRP78 and p-IRE1α/IRE1α were increased and adiponectin protein expression 
was decreased in P.g-LPS-induced visceral adipocytes. Overexpression of IRE1α further inhibited adiponectin 
expression in P.g-LPS-stimulated visceral adipocytes, and conversely, IRE1α inhibition restored adiponectin expression.

Conclusions  Our findings suggest that periodontitis induces ERS in visceral adipocytes leading to 
hypoadiponectinemia. IRE1α is a key protein regulating adiponectin expression in visceral adipocytes.

Keywords  Periodontitis, Endoplasmic reticulum stress, Hypoadiponectinemia, GRP78, IRE1α

Experimental periodontitis induced 
hypoadiponectinemia by IRE1α-mediated 
endoplasmic reticulum stress in adipocytes
Qianqi Wu1†, Li Yan1†, Xiao Wu1, Yiyan Chen1, Leilei Ye2, Yingtao Lv3* and Yuan Su1,2*

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12903-023-03758-6&domain=pdf&date_stamp=2023-12-16


Page 2 of 12Wu et al. BMC Oral Health         (2023) 23:1032 

Introduction
Adiponectin is a 30-kDa protein produced mainly by vis-
ceral adipocytes and secreted into the peripheral blood 
[1]. Circulating adiponectin concentrations can reach 
2–20 µg/mL, accounting for 0.01–0.05% of total serum 
protein [2]. Circulating adiponectin can reach many tis-
sues, such as the heart, liver, kidney, pancreas, and skel-
etal muscle [3]. It binds to adiponectin receptors on the 
surface of target cells and plays an active anti-inflamma-
tory, anti-atherosclerotic and anti-diabetic role [4]. Thus, 
homeostasis of plasma adiponectin levels is essential 
for systemic health. Recent studies have confirmed that 
low serum adiponectin levels, namely, hypoadiponec-
tinemia, are associated with the development and poor 
prognosis of reproductive, digestive, endocrine, cardio-
vascular, and other systemic diseases. For example, low 
serum adiponectin levels may promote the occurrence 
and development of endometrial cancer (OR: 10.64, 
95% CI: 3.61–31.40) [5],  prostate cancer (HR: 2.44; 95% 
CI: 1.57–3.79) [6], and breast cancer (HR: 3.75; 95% CI: 
1.37–10.25) [7]. Long-term hypoadiponectinemia is asso-
ciated with an increased risk of colorectal cancer (OR: 
2.83, 95% CI: 1.50–5.34) [8]. Numerous recent studies 
have confirmed that hypoadiponectinemia is an impor-
tant cause of insulin resistance [9–11]. Insulin resistance 
refers to the decreased sensitivity of insulin target tissue 
(adipose tissue, skeletal muscle, liver) to insulin, which is 
an important pathological change in prediabetes [12]. If 
insulin resistance is not effectively alleviated, it will even-
tually lead to the development of type 2 diabetes (T2D) 
[13]. Therefore, it is of great clinical significance to reveal 
the pathogenesis of hypoadiponectinemia and improve 
the serum adiponectin level to prevent and treat associ-
ated systemic diseases, especially insulin resistance and 
T2D [14, 15].

Epidemiological investigations have found that hypoa-
diponectinemia is associated with periodontitis [16, 17]. 
Periodontitis is a lasting inflammatory disease that occurs 
in the oral cavity. Subgingival microbial dysbiosis is an 
essential pathological feature [18]. Disordered subgingi-
val flora leads to a marked increase in pathogenic micro-
organisms and toxic products, causing inflammation and 
destructive absorption of periodontal supporting tis-
sues, such as gingiva, periodontal ligaments, and alveolar 
bones, from multiple or even all teeth [19]. According to 
the latest report, the global prevalence of periodontitis is 
as high as 50%, among which severe periodontitis affects 
1.1 billion people [20]. In patients with periodontitis, 
the serum adiponectin level was significantly lower than 
that of the periodontal healthy population, which may 
contribute to the development of hypoadiponectinemia-
related diseases [17]. However, how periodontitis causes 
hypoadiponectinemia has not been reported. Pathogenic 
microorganisms and toxic products in patients with 

periodontitis may enter the systemic circulation from the 
epithelial tissue ulcer in the periodontal pocket and lead 
to bacteraemia, endotoxaemia, or colonization of other 
tissues far from the mouth [21]. These virulence fac-
tors induce or aggravate the immune and inflammatory 
responses or metabolic dysfunction of the tissues [22, 23]. 
LPS secreted by Porphyromonas gingivalis (P.g-LPS) is a 
component of the outer wall of bacteria. Previous stud-
ies have shown that P.g-LPS is one of the key virulence 
factors in the negative effects of periodontitis on systemic 
health [24] P.g-LPS caused local periodontal destruction 
but also caused endotoxaemia and mediated pathologic 
changes in liver and visceral adipose tissue [25–27]. Vis-
ceral adipose tissue is a crucial site for synthesizing and 
secreting adiponectin [2]. Any reason, such as genetic, 
environmental, and other factors leading to the disorder 
of adiponectin synthesis and secretion in visceral adi-
pocytes, is an important cause of hypoadiponectinemia 
[28]. Studies have found that periodontitis can lead to 
abnormal secretion of visceral adipocytes, specifically 
increased secretion of the adipokines interleukin-6 (IL-
6), tumour necrosis factor-α (TNF-α) and leptin and 
decreased secretion of adiponectin [29]. Further studies 
showed that P.g-LPS could mediate the abnormal secre-
tion function of visceral adipocytes in vitro, as evidenced 
by increased leptin and decreased adiponectin expression 
[30]. However, whether P.g-LPS-induced periodontitis 
can induce hypoadiponectinemia in vivo and the related 
mechanisms have not been reported.

Adipokine assembly and secretion are closely related to 
the endoplasmic reticulum (ER) function of visceral adi-
pocytes. Under pathological stimuli, such as hypoxia and 
inflammation, intracellular protein folding is impaired, 
resulting in misfolding or accumulation of unfolded pro-
teins. The ER responds to pressure by activating a series 
of signals to reduce the accumulation of unfolded pro-
teins and maintain protein homeostasis, which is called 
endoplasmic reticulum stress (ERS). ERS in visceral adi-
pocytes can alter the synthesis and secretion of specific 
adipokines. ERS participates in the regulation of cellu-
lar physiology and pathology by activating three signal-
ling pathways mediated by inositol-requiring protein 
1α (IRE1α), protein kinase RNA-like ER kinase (PERK), 
and activating transcription factor 6 (ATF6) [31]. Among 
them, the ERS pathway mediated by IRE1α was con-
firmed to be related to adiponectin secretion in visceral 
adipocytes [32]. Studies have found that the increased 
expression of glucose regulated protein 78 (GRP78) and 
IRE1α in visceral adipose tissue of obese mice resulted 
in decreased adiponectin levels [33]. Conversely, in the 
study by Cho et al., [34] activation of IRE1α in 3T3-L1 
adipocytes resulted in increased adiponectin levels in 
response to insulin stimulation. These results suggest 
that IRE1α is a key protein that regulates adiponectin 
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secretion in visceral adipocytes under ERS, but its regu-
lation of adiponectin expression is entirely different 
under different stimuli. However, it is not clear whether 
ERS occurs in rat visceral adipose tissue in the context of 
periodontitis and whether its marker protein IRE1α is a 
key molecule that regulates adiponectin expression and 
causes hypoadiponectinemia in rats.

Thus, the periodontitis model of rats was established 
by periodontal ligation and a P.g-LPS-stimulated visceral 
adipocytes model in vitro, and the association of IRE1α-
mediated ERS with hypoadiponectinemia was explored 
to preliminarily reveal the underlying mechanism behind 
hypoadiponectinemia caused by periodontitis in this 
study.

Materials and methods
Establishment of the rat periodontitis model
A total of 18 male Sprague‒Dawley (SD) rats, aged 8 
weeks and weighing approximately 250–300 g each, 
were kept in cages at a temperature of 23 ± 2 °C under an 
appropriate 12-hour light-dark cycle. Animals were ran-
domly divided into three groups (n = 6): control group, 
periodontitis group, and periodontitis + KIRA6 (IRE1α 
inhibitor) group. In the periodontitis group, 1.5% pento-
barbital sodium was used under intraperitoneal anesthe-
sia (30 mg/kg) to tie at the cervical region of the bilateral 
maxillary second molars with 5.0 silk. The control group 
was not treated [35]. The rats in the periodontitis + 
KIRA6 group was also subjected to periodontal liga-
ture, and a dose of 10 mg/kg KIRA6 (MCE, New Jersey, 
USA) according to the study by Yi et al., [36] was injected 
into epididymal adipose tissue at the same time. The 
silk ligatures of each rat were checked and KIRA6 was 
injected once a week under anesthesia. After 3 months, 
rats were also fasted for 12 h prior to experiments and 
anesthetized (50 mg/kg, intraperitoneal) with 1.5% pen-
tobarbital sodium. Experiments were performed 10–15 
min later. Median laparotomies were performed in the 
rats, and blood samples were taken via inferior vena cava 
punctures and distributed into tubes containing hepa-
rin. Plasma was prepared by centrifuging the blood at 
3000 rpm for 15 min at 4 °C and was stored in aliquots 
at -80 °C for later blood biochemical parameter analy-
ses. Samples of the bilateral maxillary molar regions and 
epididymal adipose tissue were removed and fixed in 4% 
paraformaldehyde.

Analysis of alveolar bone loss
Maxillary bones were scanned by using micro-CT 
(sky1172, Bruker, Germany). Three-dimensional recon-
struction was performed for each sample. Total alveolar 
bone volume (TV) and bone volume (BV) were mea-
sured, and the bone volume fraction (BVF = BV/TV) 
was calculated [37]. These parameters were used to 

analyse the alveolar bone loss of bilateral maxillary sec-
ond molars.

HE staining of periodontal tissues
The maxillary samples were decalcified with 10% tetra-
sodium-EDTA aqueous solution (pH 7.0) for 12 weeks 
at 4 °C. The periodontal tissue samples were embedded 
in paraffin, and sections (4 μm thick) were stained with 
haematoxylin and eosin (HE). A histological analysis of 
the site with induced periodontitis was carried out to 
observe the changes in these tissues. These digital images 
were taken using an optical microscope (DM4B, LEICA, 
Germany).

Detection of serum adiponectin, fasting plasma glucose 
and fasting plasma insulin
Serum was collected, and adiponectin, fasting plasma 
glucose and fasting plasma insulin were detected using 
an enzyme-linked immunosorbent assay (ELISA) kit 
(Cikebio, Beijing, China). All assays were performed fol-
lowing the manufacturer’s instructions.

Quantitative real-time polymerase chain reaction (qRT‒
PCR)
Total RNA was extracted from epididymal adipose tissue 
using TRIzol reagent (Invitrogen, CA, USA) according to 
the manufacturer’s instructions. RNA quantity and qual-
ity were measured by a BioPhotometer Plus photometer 
(Eppendorf, Hamburg, Germany). Approximately 1 µg 
of total RNA was used for cDNA synthesis, and then the 
resulting cDNA was used as a template for PCR amplifi-
cation. Gene expression was subsequently determined in 
triplicate using SYBR Green qPCR SuperMix (Invitrogen, 
CA, USA) and the ABI PRISM® Real-Time PCR Sequence 
Detection System. Cycling protocols were performed 
under the following conditions: initial denaturation at 95 
°C for 5 min, followed by 40 cycles of denaturation at 95 
°C for 15 s and annealing at 60 °C for 32 s. The relative 
gene expression was determined with the 2-ΔΔCt method 
using β-actin as an endogenous control. The designed 
primers are listed in Table 1.

Western blotting analysis
Total protein samples were extracted from the epididy-
mal adipose tissue and adipocytes using lysis buffer 
(Beyotime, Shanghai, China) containing a PMSF prote-
ase inhibitor, and the protein concentrations were deter-
mined by a BCA™ protein assay. Approximately 20 µg of 
total protein was loaded and separated in 8% SDS-poly-
acrylamide gels. The membrane was blocked in 5% non-
fat milk on a shaker for 1 h and incubated overnight at 
4 °C with the following primary antibodies: anti-GRP78 
(1:1000 dilution; Abcam, Cambridge, UK), anti-IRE1α 
(1:1000 dilution; Abcam, Cambridge, UK), anti-p-IRE1α 
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(1:1000 dilution; Abcam, Cambridge, UK), anti-adi-
ponectin (1:1000 dilution; Abcam, Cambridge, UK), 
anti-PERK (1:1000 dilution; Abcam, Cambridge, UK), 
anti-p-PERK (1:1000 dilution; Abcam, Cambridge, UK), 
anti-ATF6 (1:1000 dilution; Abcam, Cambridge, UK), 
and anti-β-actin antibody (1:1000 dilution; Abcam, Cam-
bridge, UK). After the washing procedure with Tris-buff-
ered saline with Tween, the membranes were incubated 
with secondary antibodies on a shaker for 50 min at room 
temperature. A chemiluminescence imager detected the 
protein intensity, and the protein amounts were analysed 
using the ImageJ program. In order to reduce non-spe-
cific protein expression during the experiment, the mem-
brane was trimmed according to the protein size range 
provided in the antibody instructions prior to hybridiza-
tion with the antibody. The original images were shown 
in Supplementary File. 1.

Cell cultures
Adipocytes were isolated from the epididymal adipose 
tissue of SD rats. They were seeded in sterile T25 culture 
flasks at equal densities with 5 mL of Dulbecco’s minimal 
essential medium (Gibco, Waltham, USA) supplemented 
with 20% foetal bovine serum (Gibco, Waltham, USA) 
and 1% penicillin/streptomycin (Gibco, Waltham, USA) 
at 37 °C in a humidified atmosphere of 5% CO2. The cell 
culture medium was replaced every other day. The adipo-
cytes were used for experiments between the 4th and 5th 
passages.

Oil red o stain
The cells were fixed with 10% formalin for 10–15 min 
at room temperature and then stained with Oil Red O 
(Jiancheng, Nanjing, China) solution for 15 min. The 
lipid droplets were observed using an optical microscope 
(DM4B, LEICA, Germany).

CCK8 experiment
The 4th passage of adipocytes was seeded in a 96-well 
culture plate at a density of 5 × 104 cells on each plate 
in 100 µL culture medium. According to our previous 
studies, the addition of 100 ng/mL P.g-LPS (InvivoGen, 
San Diego, USA) to visceral adipocytes for 4 h induced 
changes in adiponectin secretion function. Therefore, the 
cells were incubated for 24 h at 37 °C in a 5% CO2 incu-
bator, followed by the addition of 100 ng/mL P.g-LPS for 
4 and 8 h. Then, 10 µL of CCK-8 solution was added to 
each well and incubated for 4 h. Each well’s optical den-
sity (OD) value was measured at a wavelength of 450 nm 
using a microplate reader (Thermo®, Germany).

Models of IRE1α overexpression and inhibition in visceral 
adipocytes
The pLVX-IRE1α lentiviral vector was utilized to con-
struct the pLVX-IRE1α plasmid and pLVX-IRE1α-RNAi 
plasmid. Moreover, negative sham oligonucleotides for 
IRE1α (pLVX-NC) were also synthesized by JiYuan Bio-
Tech (Guangzhou, China). After 24 h of incubation, the 
cells were supplemented with fresh serum-free medium. 
Then, adipocytes were treated with puromycin (2 µg/mL 
5–7 days; Solarbio, Beijing, China) for stable transfection.

Statistical analysis
Differences between the two groups were assessed by 
independent sample t test, and differences among mul-
tiple groups were evaluated by one-way ANOVA. The 
threshold for statistical significance was set at P < 0.05 
The correlations between adiponectin and HOMA-IR 
were analysed using Pearson’s correlation analysis. All 
analyses were performed using SPSS 13.0.

Results
Local periodontal ligation induced periodontitis in rats
During the experiment, the silk ligatures of rats did not 
loosen. Micro-CT images show the representative three-
dimensional contours of alveolar bone in the control 
group and in the periodontitis group (Fig. 1A). Compared 
with the control group, the BV/TV value of the maxilla 
in the periodontitis group was significantly decreased 
(P < 0.001) (Fig.  1B). HE-stained sections of periodontal 
tissue from the control group revealed normal periodon-
tal structures. In contrast, the HE-stained sections from 
the periodontitis group showed migration of connective 
epithelium into roots and infiltration of inflammatory 

Table 1  Primer sequences of genes for quantitative real time-
PCR
Gene Forward primer Reverse 

primer
Adiponectin 5‘- TGTTCTTGGTCCTAAGGGTGAC-3’ 5‘- CCTAC-

GCTGAATGCT-
GAGTGA-3’

GRP78 5‘- GACTGGAATCCCTCCTGCTC-3’ 5‘- GGTCAG-
GCGGTTTTG-
GT-3’

IRE1α 5‘- GGAGACCCTACGCTATTTGACCT-3’ 5‘- TTGCT-
GACAATCTT-
GAGGGAG-3’

PERK 5‘- CCAGTTTTGTACTCCAATTGCA-3’ 5‘- CAGATA-
CAGCTG-
GCCTC-
TATAC-3’

ATF6 5‘- TTACTCACCGATCCGAGTTG-3’ 5‘- AAACTG-
GACATCATC-
CGTGT-3’

β-actin 5‘- CCCATCTATGAGGGTTACGC-3’ 5‘- TTTAAT-
GTCACGCAC-
GATTTC-3’
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Fig. 1 (See legend on next page.)
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cells into connective tissue (Fig. 1C). These results indi-
cated that local periodontal ligation successfully induced 
the periodontitis model in rats.

Hypoadiponectinemia and insulin resistance induced by 
periodontitis in rats
The serum level of adiponectin in the periodontitis group 
was decreased compared with that in the control group 
(P < 0.05) (Fig. 1D), indicating that periodontitis induced 
hypoadiponectinemia. Compared with the control group, 
the serum fasting plasma insulin level in the periodontitis 
group was significantly higher (P < 0.001) (Fig. 1E). How-
ever, there was no difference in fasting plasma glucose 
between the two groups (Fig. 1F). The formula fasting 
plasma glucose×fasting plasma insulin/22.5 was used to 
calculate homeostatic model assessment of insulin resis-
tance (HOMA-IR). The HOMA-IR in the periodontitis 
group was higher than that in the control group (P < 0.05) 
(Fig.  1G). Serum adiponectin level was inversely related 
to HOMA-IR (Fig. 1H). The results suggested that hypoa-
diponectinemia may promote insulin resistance.

Periodontitis induced ERS and decreased the expression of 
adiponectin in rat visceral adipose tissue
qRT‒PCR analysis showed that the expression of GRP78, 
IRE1α and PERK in the periodontitis group was higher 
than that in the control group (P < 0.05), but ATF6 did 
not change (Fig. 2A). The protein levels of GRP78, IRE1α, 
the phosphorylation levels of IRE1α (p-IRE1α), PERK, 
the phosphorylation levels of PERK (p-PERK) and ATF6 
were measured by western blotting (Fig. 2B). Compared 
with the control group, the periodontitis group exhib-
ited higher expression of GRP78 and p-IRE1α/IRE1α 
(P < 0.05), but not p-PERK/PERK and ATF6 (Fig.  2C). 
These results indicated that ERS occurred in visceral 
adipose tissue of the periodontitis group. Additionally, 
we measured adiponectin expression in visceral adipose 
tissue. At the mRNA level, the expression of adiponectin 
was downregulated in the periodontitis group compared 
with the control group (P < 0.05) (Fig.  2D). The pro-
tein level of adiponectin was detected by western blot-
ting (Fig. 2E). Adiponectin expression was significantly 
decreased in the periodontitis group compared with the 
control group (P < 0.05) (Fig. 2F).

Identification of visceral adipocytes and CCK8 assay
Visceral adipocytes differentiation was evaluated by Oil 
Red O staining. After 2 weeks of isolation and culture, the 
cellular morphology of visceral adipocytes was observed 
using an optical microscope and Oil Red O staining indi-
cated the presence of fat globules (Fig. 3A). It confirmed 
that isolated and cultured visceral adipocytes differenti-
ate into mature adipocytes.

Adipocytes were stimulated with 100 ng/mL P.g-LPS 
for 0, 4 and 8 h, and the activity of adipocytes were 
detected by CCK8 assay. The results showed that P.g-LPS 
had no effect on the viability of adipocytes (Fig. 3B).

P.g-LPS induced ERS and downregulated adiponectin 
expression in visceral adipocytes in vitro
100 ng/mL P.g-LPS was used to stimulate visceral adi-
pocytes for 0, 4, and 8 h. The expression of GRP78, 
IRE1α and p-IRE1α was detected by western blotting 
(Fig. 3C). The expression of GRP78 and p-IRE1α/IRE1α 
was upregulated in a time-dependent manner (Fig. 3D). 
These results indicated that ERS occurred in visceral 
adipocytes stimulated with P.g-LPS. The expression of 
adiponectin was detected by western blotting (Fig. 3E). 
The analysis revealed that adiponectin expression signifi-
cantly decreased in a time-dependent manner (Fig. 3F). 
Four hours of stimulation with P.g-LPS induced ERS and 
significant downregulation of adiponectin expression in 
visceral adipocytes. Therefore, this processing time was 
used for subsequent experiments.

IRE1α overexpression and silencing changed P.g-LPS-
induced adiponectin expression levels in visceral 
adipocytes
After transfection with pLVX-IRE1α and pLVX-IRE1α-
RNAi, 100 ng/ml P.g-LPS was used to stimulate visceral 
adipocytes for 4 h. qRT‒PCR analysis showed that com-
pared with the pLVX-NC group, the level of adiponectin 
was decreased in the pLVX-IRE1α group (P < 0.01). The 
adiponectin level was downregulated in the pLVX-IRE1α 
+ P.g-LPS group compared to the pLVX-NC + P.g-LPS 
group (P < 0.05) (Fig. 4A). The protein level of adiponec-
tin was measured by western blotting (Fig. 4B). Adipo-
nectin expression in the pLVX-IRE1α group was reduced 
compared with that in the pLVX-NC group (P < 0.05). The 
expression of adiponectin was significantly decreased in 

(See figure on previous page.)
Fig. 1  Hypoadiponectinemia and insulin resistance induced by periodontitis in rats. (A) Micro-CT images show the representative three-dimen-
sional contours of alveolar bone in the control group and the periodontitis group. (B) The BV/TV value of the maxilla in periodontitis was significantly 
decreased. (C) HE staining shows the pathological changes in rat periodontal tissue. The control group (scale bar, 500 μm) with a black box designating 
close-up (scale bar, 200 μm) shows a normal periodontal structure. The periodontitis group (scale bar, 500 μm) with a black box designating close-up 
(scale bar, 200 μm) shows junctional epithelium migration to the roots, and inflammatory cells infiltrate the connective tissue (black arrowheads). (D) 
Serum adiponectin level in the periodontitis group was significantly lower than that in the control group. (E) Serum level of fasting plasma insulin was 
significantly higher in the periodontitis group. (F) Fasting plasma glucose level was not different between the two groups. (G) The HOMA-IR in the peri-
odontitis group was higher than that in the control group. (H) Adiponectin was inversely associated with HOMA-IR. CEJ = cement-enamel junction, S = 
sulcus, Data are presented as the mean ± SD. *P < 0.05, ***P < 0.001 vs. the control group
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the pLVX-IRE1α + P.g-LPS group compared to the pLVX-
NC + P.g-LPS group (P < 0.05) (Fig. 4C).

On the other hand, the mRNA level of adiponectin was 
significantly upregulated in the pLVX-IRE1α-RNAi group 
compared with the pLVX-NC group (P < 0.01). When 
compared with the pLVX-NC + P.g-LPS group, the adi-
ponectin level in the pLVX-IRE1α-RNAi + P.g-LPS group 
was increased (P < 0.01) (Fig. 4D). The protein level of 
adiponectin was detected by western blotting (Fig. 4E). 
Adiponectin expression was increased in the pLVX-
IRE1α-RNAi group compared with the pLVX-NC group 
(P < 0.05). The expression of adiponectin in the pLVX-
IRE1α-RNAi + P.g-LPS group was higher than that in 
the pLVX-NC + P.g-LPS group (P < 0.05) (Fig. 4F). These 
findings indicated that IRE1α could regulate the expres-
sion of adiponectin in visceral adipocytes stimulated with 
P.g-LPS.

Epididymal adipose tissue injection of KIRA6 improved 
hypoadiponectinemia and insulin resistance in rats with 
periodontitis
Adiponectin level in epididymal adipose tissue was 
detected using western blotting (Fig. 5A). The adipo-
nectin expression in the periodontitis + KIRA6 group 
was higher than that in the periodontitis group (P < 0.05) 
(Fig. 5B). ELISA analysis showed that compared with that 
in the periodontitis group, the serum adiponectin level in 
the periodontitis + KIRA6 group was increased (P < 0.05) 
(Fig. 5C). HOMA-IR was decreased in the periodontitis 
+ KIRA6 group compared with the periodontitis group 
(P < 0.05) (Fig.  5D). The results indicated that hypoadi-
ponectinemia and insulin resistance in periodontitis rats 
were improved after inhibiting IRE1α in visceral adipose 
tissue.

Discussion
Periodontitis is associated with the development of vari-
ous systemic diseases, especially insulin resistance and 
T2D [11]. Hypoadiponectinemia is an important cause of 
insulin resistance [17]. Therefore, hypoadiponectinemia 

Fig. 2  Periodontitis induced ERS and decreased the expression of adiponectin in rat visceral adipocytes. (A) The mRNA levels of GRP78, IRE1α 
and PERK in the periodontitis group were significantly higher than those in the control group, but ATF6 did not change. (B) Western blotting image 
of GRP78, IRE1α, p-IRE1α, PERK, p-PERK and ATF6 expression. (C) GRP78 and p-IRE1α/IRE1α expression was significantly higher than that in the control 
group, but p-PERK/PERK and ATF6 expression was not altered. (D) The mRNA level of adiponectin in the periodontitis group was lower than that in the 
control group. (E) Western blotting image of adiponectin expression. (F) Adiponectin expression was lower than that in the control group. The samples 
derive from the same experiment and that blots were processed in parallel. The full-length blots are presented in Supplementary File 1. Fig. 1S. GRP78 = 
glucose-regulated protein 78; IRE1α = inositol-requiring protein 1α; p-IRE1α = phosphorylation levels of IRE1α; PERK = double-stranded RNA-dependent 
protein kinase (PKR)-like ER kinase; p-PERK = phosphorylation levels of PERK; ATF6 = activating transcription factor 6. Data are presented as the mean ± 
SD. *P < 0.05, **P < 0.01 vs. the control group
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may be a key stage in the occurrence and development 
of T2D that is mediated or aggravated by periodontitis. 
However, the potential mechanisms by which periodon-
titis induces hypoadiponectinemia are unclear. Therefore, 
we constructed an in vivo model of periodontitis in rats 
and an in vitro model of P.g-LPS-induced cells, found 
that ERS in visceral adipocytes is involved in periodon-
titis-induced hypoadiponectinemia and revealed the pri-
mary mechanism involved.

Periodontal ligation is commonly used to establish 
experimental periodontitis in animal models. The place-
ment of ligation silk leads to disordered subgingival flora 
to increase the abundance of gram-negative anaerobic 
bacteria such as P. gingivalis, and a large amount of LPS 
is secreted, which induces immune damage and leads 
to the destruction of periodontal tissue [38–40]. In this 
study, periodontal ligation caused significant inflamma-
tory destruction of the gingival tissues and resorption of 
alveolar bone. After 3 months of periodontitis induction, 
we detected a significant decrease in serum adiponectin 
levels, known as hypoadiponectinemia, in the rats with 
periodontitis, which is consistent with epidemiological 

surveys [17]. These results proved that we success-
fully simulated the periodontitis-induced hypoadipo-
nectinemic state in rats. Interestingly, we also observed 
increased fasting serum insulin levels in rats, and 
HOMA-IR was significantly higher in the periodontitis 
group than in the control group but was inversely cor-
related with serum adiponectin levels. This is consistent 
with clinical reports that hypoadiponectinemia can lead 
to insulin resistance [10].

In the context of periodontitis, virulence factors 
secreted by various periodontal pathogenic bacteria from 
the site of periodontal infection may enter the systemic 
circulation and play a positive regulatory role in the 
pathological changes of various tissues and cells far from 
the mouth [22, 41, 42]. P.g-LPS is currently recognized as 
the virulence factor of periodontitis and is also the most 
commonly stimulating factor for periodontitis research 
in vitro. Our previous studies used P.g-LPS to stimulate 
visceral adipocytes. We found that P.g-LPS reduced adi-
ponectin secretion and led to impaired insulin signaling 
[30, 43]. Therefore, in this experiment, we constructed 
a P.g-LPS-stimulated visceral adipocytes model in vitro 

Fig. 3  P.g-LPS induced ERS and downregulated adiponectin expression in visceral adipocytes in vitro. (A) Optical microscope images show the 
culture of visceral adipocytes and Oil Red O staining for identifying adipocytes (scale bar, 200 μm). (B) CCK8 analysis of P.g-LPS concentration on the 
proliferation of visceral adipocytes. (C) Western blotting image of GRP78, IRE1α, and p-IRE1α expression in visceral adipocytes treated with 100 ng/mL P.g-
LPS for 0, 4, and 8 h. (D) GRP78 and p-IRE1α/IRE1α expression was upregulated in a time-dependent manner. (E) Western blotting image of adiponectin 
expression in visceral adipocytes treated with 100 ng/mL P.g-LPS for 0, 4, and 8 h. (F) Adiponectin expression significantly decreased in a time-dependent 
manner. The samples derive from the same experiment and that blots were processed in parallel. The full-length blots are presented in Supplementary 
File 1. Fig. 2S. Data are presented as the mean ± SD. *P < 0.05, **P < 0.01 vs. the 0 h group, #P < 0.05, ##P < 0.01, ###P < 0.001 vs. the 4 h group
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[30]. According to our previous studies, visceral adipo-
cytes were stimulated by 100 ng/mL P.g-LPS at various 
times in vitro. This concentration is commonly used in 
the range of concentrations (0 to 10,000 ng/mL) reported 
for P.g-LPS in in vitro and in vivo studies [44, 45]. Based 
on in vitro and in vivo studies, we found that periodon-
titis could reduce adiponectin protein expression in 
rat visceral adipocytes and that adiponectin expression 
in visceral adipocytes stimulated by P.g-LPS was also 
reduced in a time-dependent manner.

ERS is associated with adiponectin secretion. To 
observe whether ERS occurs in visceral adipose tissue 
of rats with periodontitis, we detected the ERS-asso-
ciated proteins GRP78, IRE1α, PERK and ATF6. The 
results showed that the transcription and protein levels 

of GRP78 and IRE1α in the periodontitis group were sig-
nificantly higher than those in the control group, and 
PERK and ATF6 were not changed. At the same time, the 
p-IRE1α/IRE1α ratios were increased in the periodon-
titis group compared with those of the control group, 
but p-PERK/PERK did not change. Based on the results 
of animal experiments, we tested the protein levels of 
GRP78, p-IRE1α and IRE1α in visceral adipocytes stimu-
lated by P.g-LPS and showed that GRP78 protein levels 
and the p-IRE1α/IRE1α ratio increased in a time-depen-
dent manner. Under physiological conditions, GRP78 
resides in the ER and closely binds to three transmem-
brane proteins. In response to external stimuli, GRP78 
separates from transmembrane proteins and activates 
the unfolded protein response (UPR) to produce ERS 

Fig. 4  Effect of IRE1α overexpression and inhibition on adiponectin expression in visceral adipocytes. (A) The mRNA level of adiponectin in the 
pLVX-IRE1α group was lower than that in the pLVX-NC group. The adiponectin mRNA level in the pLVX-IRE1α + P.g-LPS group was significantly decreased 
compared to that in the pLVX-NC + P.g-LPS group. (B) Western blotting image of adiponectin expression. (C) Adiponectin expression in the pLVX-IRE1α 
group was lower than that in the pLVX-NC group. The expression of adiponectin in the pLVX-IRE1α + P.g-LPS group was decreased compared to that 
in the pLVX-NC + P.g-LPS group. (D) Compared with the pLVX-NC group, the mRNA level of adiponectin was increased in the pLVX-IRE1α-RNAi group. 
The adiponectin mRNA level in the pLVX-IRE1α-RNAi + P.g-LPS group was higher than that in the pLVX-NC + P.g-LPS group. (E) Western blotting image 
of adiponectin expression. (F) Adiponectin expression was increased in the pLVX-IRE1α-RNAi group compared with the pLVX-NC group. The expression 
of adiponectin in the pLVX-IRE1α-RNAi + P.g-LPS group was higher than that in the pLVX-NC + P.g-LPS group. The samples derive from the same experi-
ment and that blots were processed in parallel. The full-length blots are presented in Supplementary File. 1 Fig. 3S. Data are presented as the mean ± SD. 
*P < 0.05, **P < 0.01 vs. the pLVX-NC group, #P < 0.05, ##P < 0.01 vs. the pLVX-NC + Pg-LPS group
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[31]. Therefore, GRP78 is considered a specific marker 
for the early development of ERS. Consistent with our 
results, the stimulation of human periodontal ligament 
cells with P.g-LPS produced ERS, mainly represented by 
increased expression of GRP78 protein [46]. In addition, 
P.g-LPS stimulation of THP-1 human monocytic cells can 
also lead to upregulation of GRP78 protein expression 
[47]. These results indicated that GRP78 was sensitive to 
P.g-LPS stimulation and can be used as a classical marker 
of ERS induction by P.g-LPS in different cells. Elevated 
GRP78 dissociates itself from IRE1α and activates IRE1α 
[48]. Activated IRE1α is phosphorylated to form a dimer, 
further activating downstream signalling pathways [49]. 
Thus, elevated p-IRE1α expression represents a further 
enhancement of ERS. Similar to our results, stimulation 
of the mouse trachea with Escherichia coli LPS (E. coli-
LPS) led to upregulation of GRP78 and p-IRE1α protein 
levels in lung tissue and the development of ERS [48]. 
LPS upregulated the key ERS proteins GRP78 and IRE1α, 
and promoted pathological changes in tissues. Our 
results confirm that P.g-LPS-induced periodontitis causes 
ERS in visceral adipocytes by upregulating the expression 
of GRP78 and p-IRE1α.

Studies have found that ERS in visceral adipocytes 
leads to decreased adiponectin expression through dif-
ferent mechanisms. For example, obesity-induced ERS 
in visceral adipocytes reduced adiponectin expression 
mainly through the inhibition of transcription activity by 
ER chaperone protein disulphide-isomerase A4 (PDIA4) 
[50]. The small extracellular vesicles (SEVs) released by 
ischemic/reperfused cardiomyocytes induce ERS in vis-
ceral adipocytes and downregulated ER degradation 
enhancing alpha-mannosidase like protein 3 (EDEM3), 

resulting in decreased adiponectin gene and protein 
expression [51]. However, whether P.g-LPS-mediated 
upregulation of IRE1α is a novel target for regulating 
adiponectin expression in visceral adipocytes has not 
been reported. This study used lentivirus transfection to 
construct a visceral adipocytes model with IRE1α over-
expression. The results showed that IRE1α overexpres-
sion downregulated the transcription and protein levels 
of adiponectin. When accompanied by P.g-LPS stimula-
tion, adiponectin was more significantly downregulated 
at both the transcriptional and protein levels. Conversely, 
transfection of visceral adipocytes by inhibiting IRE1α 
lentivirus led to elevated transcription and protein levels 
of adiponectin in adipocytes. Moreover, silencing IRE1α 
rescued the reduction in the transcription and protein 
levels of adiponectin in visceral adipocytes induced by 
P.g-LPS stimulation. These results indicate that IRE1α is 
a downstream signalling molecule of P.g-LPS and plays 
a key role in regulating adiponectin synthesis in visceral 
adipocytes. Interestingly, although both E. coli- LPS and 
P. g-LPS caused visceral adipocytes dysfunction, the for-
mer did not cause reduced adiponectin secretion in vis-
ceral adipocytes [27]. It is well known that E. coli- LPS 
and P. g-LPS belong to the pathogen-associated molecu-
lar pattern (PAMP) [52]. They can bind to TLRs on the 
surface of visceral adipocytes to activate innate immune 
responses, thus leading to visceral adipocytes dysfunc-
tion [53]. The downregulation of adiponectin expression 
by P.g-LPS may not occur through the TLR-mediated 
innate immune response. The ERS signalling pathway is 
another important pathway by which P.g-LPS regulates 
the function of visceral adipocytes in addition to the 
innate immune response.

Fig. 5  Epididymal adipose tissue injection of KIRA6 improved hypoadiponectinemia and insulin resistance in rats with periodontitis. (A) West-
ern blotting image of adiponectin expression. (B) Adiponectin expression in the periodontitis + KIRA6 group was higher than that in the periodontitis 
group. (C) The serum adiponectin level in the periodontitis + KIRA6 group was higher than that in the periodontitis group. (D) HOMA-IR in the periodonti-
tis + KIRA6 group was lower than that in the periodontitis group. The samples derive from the same experiment and that blots were processed in parallel. 
The full-length blots are presented in Supplementary File. 1 Fig. 4S. Data are presented as the mean ± SD. *P < 0.05 vs. the control group, #P < 0.05 vs. the 
periodontitis group
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Contrary to the results of this study, scholars reported 
that elevated IRE1α in visceral adipocytes stimulated by 
insulin led to increased adiponectin expression, thereby 
promoting glucose uptake [34]. This implies that IRE1α 
is a key protein regulating adiponectin expression in vis-
ceral adipocytes, but the downstream signalling pathways 
may be different. Under different extracellular stimuli, 
IRE1α and its specific downstream signalling pathways 
are activated, thus affecting the expression of adiponec-
tin to meet metabolic requirements. However, our study 
failed to clarify the downstream signalling molecules of 
IRE1α that are responsible for the decreased adiponec-
tin expression after P.g-LPS stimulation. These molecules 
need deep exploration in future studies. To further verify 
that IRE1α-mediated ERS is the cause of hypoadiponec-
tinemia induced by periodontitis, we used local silk liga-
tion around the bilateral maxillary second molars and 
injected the IRE1α inhibitor KIRA6 into epididymal adi-
pose tissue. Three months later, the serum adiponectin 
level in the periodontitis + KIRA6 group was significantly 
higher than that in the periodontitis group, and insulin 
resistance was relieved. Furthermore, the adiponectin 
protein level in visceral adipocytes in the periodontitis + 
KIRA6 group was also higher than that in the periodon-
titis group, consistent with the serological observations. 
These results suggest that inhibiting IRE1α in visceral 
adipocytes can improve periodontitis-induced hypoadi-
ponectinemia. To our knowledge, this is the first demon-
stration of a potential mechanism between periodontitis 
and hypoadiponectinemia by an IRE1α inhibitor in rats.

In conclusion, this study demonstrated for the first 
time that periodontitis and its toxic product, P.g-LPS, can 
induce hypoadiponectinemia through IRE1α-mediated 
ERS in visceral adipocytes in vitro and in vivo. In the 
future, it is necessary to further clarify the relevant regu-
latory mechanism using visceral adipocyte-specific gene 
knockout IRE1α models. This study provides a theoreti-
cal basis for the clinical prevention and treatment of peri-
odontitis-induced hypoadiponectinemia and associated 
systemic diseases.
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