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Abstract
In diabetes- induced complications, inflammatory- mediated endothelial dysfunc-
tion is the core of disease progression. Evidence shows that kakonein, an isoflavone 
common in Pueraria, can effectively treat diabetes and its complications. Therefore, 
we explored whether kakonein protects cardiovascular endothelial function by in-
hibiting inflammatory responses. In this study, C57BL/6J mice were injected with 
streptozocin to establish a diabetes model and treated with kakonein or metformin 
for 7 days. The protective effect of kakonein on cardiovascular endothelial junctions 
and NLRP3 inflammasome activation was verified through immunofluorescence and 
ELISA assay. In addition, the regulation of autophagy on the NLRP3 inflammasome 
was investigated through Western blot, immunofluorescence and RT- qPCR. Results 
showed that kakonein restored the function of endothelial junctions and inhibited 
the assembly and activation of the NLRP3 inflammasome. Interestingly, kakonein 
decreased the expression of NLRP3 inflammasome protein by not reducing the 
transcriptional levels of NLRP3 and caspase- 1. Kakonein activated autophagy in an 
AMPK- dependent manner, which reduced the activation of the NLRP3 inflamma-
some. In addition, kakonein inhibited both hyperglycaemia- induced cardiovascular 
endothelial junction dysfunction and NLRP3 inflammasome activation, similar to au-
tophagy agonist. Our findings indicated that kakonein exerts a protective effect on 
hyperglycaemia- induced chronic vascular disease by regulating the NLRP3 inflamma-
some through autophagy.
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1  | INTRODUC TION

The incidence rate of diabetes and its complications is high worldwide.1 
A large number of studies have shown that elevated blood sugar can 
lead to excessive inflammation to damage the vascular endothelium2,3 
and cause complications, such as atherosclerotic plaque instability, 
rupture and even cardiovascular emergencies.4- 7 Therefore, inhibiting 
inflammation- mediated endothelial dysfunction may be a new way to 
prevent complications related to hyperglycaemia.

Chinese herbal medicine has a long history in the prevention and 
control of diabetes; Puerariae Lobatae Radix (PLR) is an important 
prescription ingredient in the treatment of diabetes.8,9 Kakonein, 
also known as puerarin, is major bioactive ingredient amongst the 
PLR isoflavones, and it has potential therapeutic effects on diabetes 
and its complications through anti- inflammatory or antioxidant path-
ways.10 Although kakonein has been used to treat vascular diseases 
in China,11 its mechanism remains unclear to date. Many mechanisms 
affect vascular disorders, and our previous study reported that the 
NLRP3 inflammasome affects the occurrence and development of 
vascular diseases by regulating endothelial junction function.12- 14 The 
NLRP3 inflammasome can aggregate and produce a variety of inflam-
matory mediators when stimulants are detected,15 and autophagy is 
considered an effective regulator of NLRP3 inflammasome activation 
in hyperglycaemia- associated vascular complications.16,17 Hence, the 
mechanism of kakonein in hyperglycaemia- induced endothelial dys-
function through NLRP3 inflammasome needs to be further explored.

In this study, an experiment was designed to investigate the 
protective effect of kakonein and its potential mechanism. Results 
proved that kakonein weakened endothelial connectivity by inhibit-
ing the activation of the NLRP3 inflammasome, which is significantly 
dependent on autophagic NLRP3 protein degradation.

2  | MATERIAL S AND METHODS

2.1 | Animal procedures

C57BL/6J (8 weeks old, weighing 20- 24 g, male) were used in all 
experiments. All protocols were approved by the Institutional 
Animal Care and Use Committee of Guangzhou University of 
Chinese Medicine (Guangzhou, China). Mice were intraperito-
neally injected with 100 mg/kg streptozocin (STZ; Sigma- Aldrich), 
and fasting blood glucose levels were monitored every other day. 
Mice were considered diabetic when their fasting glucose levels 
were above 10.5 mmol L−1 for three consecutive days. The treat-
ment group was subjected to intragastric administration with ka-
konein (20, 40 or 80 mg/kg, daily) or metformin (200 mg/kg, daily) 
for 7 days.

2.2 | Cell culture and treatment

Mouse vascular endothelial cells (MVECs) were purchased from 
ATCC. The cells were maintained in DMEM containing 10% foetal 
bovine serum and 1% penicillin- streptomycin (Gibco) in incubators. 
The MVECs were treated with kakonein (25- 75 μM) or metformin 
(2 mM) in response to control (glucose, 5.5 mM) or high glucose (HG; 
glucose, 30 mM) for 24 h. Meanwhile, the cells were treated with 
MCC950 (10 nM), rapamycin (10 nM) or 3- MA (1 mM) as inhibitors 
or activator.

2.3 | Confocal immunofluorescence microscopy

The cardiovascular tissue and cell samples were stained using 
rabbit rabbit- ZO- 1 (1:200, Invitrogen, #RA231621,), rabbit 
rabbit- ZO- 2 (1:200, Invitrogen, #QG218845), goat anti- NLRP3 
(1:200; Abcam, #ab4207,), mouse anti- HMGB1 (1:200; Santa, 
#sc- 135809,), mouse anti- Caspase- 1 (1:200; Santa, #sc- 56036), 
rabbit anti- ASC (1:100, Santa, #sc- 22514- R), mouse anti- P62 
(1:200; Abcam, #ab56416), mouse anti- vWF (1:500; Abcam, 
#ab11713). After incubation with primary antibodies, the sam-
ples were washed and labelled with the corresponding Alexa 
Fluor- 488 (1:100, Invitrogen, #1853312) and Alexa Fluor- 555 
(1:100, Invitrogen, #1843680) conjugated secondary antibodies. 
Fluorescence was visualized with a Zeiss LSM800 microscope. 
Co- localization was analysed by Image- Pro Plus software, and the 
co- localization coefficient was calculated using Pearson's correla-
tion coefficient as previously described.

2.4 | ELISA assay

After treatment, the cell supernatant and mice serum were collected; 
then IL- 1β (R&D System, #MLB00C) and HMGB1 (R&D System, 
#MAB16901) production were measured by ELISA according to the 
protocol described by the manufacturer.

2.5 | Western blot

Total protein was extracted using RIPA buffer (Thermo). The su-
pernatant was centrifuged after 10 000 g for 15 min at 4℃, and 
protein concentration was measured with a BCA Protein Assay 
Kit (Beyotime). Cell homogenates were denatured with reducing 
Laemmli SDS- sample buffer and boiled in a metal bath for 5 min at 
95℃. Equal amounts of the protein samples were 40 μg and sepa-
rated by 12% SDS- PAGE and transferred onto a PVDF membrane. 
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The membrane was incubated with primary antibodies at 4℃ over-
night and then treated with anti- rabbit IgG (1:1500; CST, #5127) 
or anti- mouse IgG (1:1500; CST, #93702) for 2 h at room tempera-
ture. The primary antibodies were anti- NLRP3 (1:1000; Abcam, 
ab91413#), anti- Caspase- 1 (1:1000; Santa, #sc- 56036), anti- LC3 
(1:1500; CST, #Q9H492), anti- P62 (1:2000; Abcam, #ab56416), 
anti- AMPK (1:1500; CST, #5832) and anti- P- AMPK (1:1000; CST, 
#50081). Anti- β- actin (1:1000; BOSTER, #BM0627) was used as an 
internal control. The target bands were detected and analysed using 
ImageJ software (NIH).

2.6 | Real- time PCR analysis

Total RNA was extracted by TRIZOL reagent (Invitrogen) and re-
versed transcribed into cDNA and PCR- amplified using a one- 
step RT- PCR kit with SYBR Green (Takara, JPN). Real- time 
quantitative PCR was performed using a real- time PCR system 
(CFX96, Applied Biosystems). The primers were synthesized as fol-
lows: 5′- AGGAGAATGGACCTGCAAGC- 3′ (forward primer) and 
5′- TCTACCATCATCCAGCCTTGG- 3′ (reverse primer) for the mouse 
Nlrp3 gene; 5′-  GGCGAGAGAGGTGAACAAGG- 3′ (forward primer) 

F I G U R E  1   Therapeutic effects of 
kakonein on cardiac inter- endothelial 
junction disruption in hyperglycaemic 
mice. (A) Molecular structural formula 
of puerarin. (B) Effect of kakonein on 
fasting blood glucose in hyperglycaemic 
mice (n = 8). (C) Fluorescence indicating 
the effect of kakonein or metformin 
hydrochloride on ZO- 1 (green) with VWF 
(red) co- localization. (D) Quantitative 
analysis of the co- localization of ZO- 
1 with vWF (n = 8). (E) Fluorescence 
indicating the effect of kakonein or 
metformin hydrochloride on ZO- 2 (green) 
with VWF (red) co- localization. (F) 
Quantitative analysis of the co- localization 
of ZO- 2 with vWF (n = 8). ##P < .01 
compared with the control. **P < .01 
compared with hyperglycaemia
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and 5′-  GCCAAGGTCTCCAGGAACAC- 3′ (reverse primer) for the 
mouse Caspase- 1 gene; and 5′- CCCATCTATGAGGGTTACGC- 3′ 
(forward primer) and 5′- TTTAATGTCACGCACGATTTC- 3′ (reverse 
primer) for β- actin (used as an internal reference control). The results 
were quantified using the 2- ΔΔCT method.

2.7 | Statistical analysis

All data were analysed by SPSS 20.0 (Dunnett's test) and ex-
pressed as mean ±SEM. Statistical significance was set at P < .05 
or P < .01.

F I G U R E  2   Kakonein inhibits NLRP3 inflammasome activation of cardiac vascular endothelium in hyperglycaemic mice. (A) Fluorescence 
indicating the effect of kakonein or metformin hydrochloride on NLRP3 (green) with caspase- 1 (red) co- localization in cardiac endothelial 
cells. (B) Quantitative analysis of the co- localization of NLRP3 with caspase- 1 (n = 8). (C) Fluorescence indicating the effect of kakonein 
or metformin hydrochloride on HMGB1 (green) with VWF (red) co- localization. (D) Quantitative analysis of the co- localization of HMGB1 
with vWF (n = 8). (E) IL- 1β content in serum was detected by ELISA kit (n = 8). ##P < .01 compared with the control. **P < .01 compared with 
hyperglycaemia
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F I G U R E  3   Therapeutic effect of kakonein on the recovery of the integrity of the endothelium under high glucose by inhibiting the 
NLRP3 inflammasome. (A) Representative fluorescence images of ZO- 1 (n = 4). (B) ZO- 1 expression was represented by a histogram of 
fluorescence intensity (RFI). (C) Representative images of immunofluorescence indicating the effects of MCC950 and kakonein on ZO- 1 
under high- glucose stimulation (n = 4). (D) ZO- 1 expression was represented by a histogram of fluorescence intensity (RFI)
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F I G U R E  4   Effect of kakonein on high glucose- induced NLRP3 inflammasome assembly and activation in endothelial cells. (A) 
Fluorescence indicating the effect of kakonein and metformin hydrochloride on NLRP3 (green) with caspase- 1 (first line, red) or ASC (second 
line, red) co- localization. (B) and (C) Quantitative analysis of the co- localization of NLRP3 with caspase- 1 or ASC (n = 4). (D) IL- 1β content in 
supernatant was detected by ELISA kit (n = 4). (E) and (F) Analysis and summary of the effect of kakonein and metformin hydrochloride on 
caspase- 1 expression through Western blot (n = 4). (G) Analysis of Caspase- 1 transcriptional level (n = 4). (H) and (I) Analysis and summary of 
the effect of kakonein and metformin hydrochloride on NLRP3 expression through Western blot (n = 4). (J) Analysis of Nlrp3 transcriptional 
level (n = 4). ##P < .01 compared with the control. **P < .01 compared with HG. *P < .05 compared with HG

F I G U R E  5   Recovery of high glucose- 
induced decrease of autophagy in 
endothelial cells by kakonein (A) and (B) 
Analysis and summary of high glucose- 
induced AMPK expression through 
Western blot (n = 4). (C) and (D) Analysis 
and summary of high glucose- induced 
LC3 expression through Western 
blot (n = 4). (E) and (F) Analysis and 
summary of high glucose- induced P62 
expression through Western blot (n = 4). 
(G) Fluorescence indicating the effect 
of kakonein on NLRP3 (green) and P62 
(red) co- localization in endothelial cells. 
(H) Quantitative analysis of the co- 
localization of NLRP3 with P62 (n = 4). 
#P < .05 and ##P < .01 compared with the 
control. *P < .05 and **P < .01 kakonein 
or metformin hydrochloride compared 
with HG
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3  | RESULT

3.1 | Kakonein restores endothelial tight junction 
proteins in the coronary arteries of hyperglycaemic 
mice

Destruction of endothelial junctions occurs in the early stages of 
diabetic cardiovascular complications. In our experiments, the hy-
perglycaemic mice model was established, and oral therapy with 
kakonein (20, 40 and 80 mg/kg) or metformin (200 mg/kg) was 
administered for 7 days. After the intervention, we found that the 
fasting blood glucose of hyperglycaemic mice did not decrease 
(Figure 1B), but the expression of tight junction proteins ZO- 1 and 
ZO- 2 evidently increased under treatment with kakonein or met-
formin (Figure 1C and 1D). Thus, kakonein could repair endodermal 
permeability, not through the hypoglycaemic effect, in vivo.

3.2 | Kakonein inhibits endothelial NLRP3 
inflammasome activation in coronary arteries of 
hyperglycaemic mice

Our previous studies proved that the NLRP3 inflammasome me-
diated by hyperglycaemia is the core mechanism of endothelial 
dysfunction. Therefore, we explored whether the recovery of en-
dothelial junction function by kakonein is related to the NLRP3 
inflammasome. Through immunofluorescence observation, we 
found that kakonein inhibited the formation of the NLRP3 in-
flammasome (Figure 2A and 2B) and reduced the expression 
levels of HMGB1 (Figure 2C and 2D) and IL- 1β (Figure 2E) in 
hyperglycaemic mice.

3.3 | Kakonein repairs the integrity of the 
endothelium by inhibiting the NLRP3 inflammasome

To verify that the therapeutic effect of kakonein is related to the inhi-
bition of NLRP3 inflammasome activation, we established a model of 
endothelial junction destruction induced by HG and used MCC950 
(a selective NLRP3 inflammasome inhibitor) for treatment. As shown 
in Figure 3A and 3B, MVECs stimulated with HG decreased ZO- 1 
expression, which was obviously restored by kakonein or metformin. 
However, in the presence of MCC950, the therapeutic effect dis-
appeared (Figure 3C and 3D). These data indicated that inhibiting 
NLRP3 inflammasome activation was a key mechanism for kakonein 
to restore endothelial integrity.

3.4 | Kakonein inhibits endothelial NLRP3 
inflammasome assembly and activation in 
endothelial cells

Immunofluorescence was used to detect the assembly of the NLRP3 
inflammasome in MVECs. Results showed that co- localization of 
NLRP3 and caspase- 1 decreased in the kakonein groups compared 
with the model group. Similar results were detected in Figure 4A– 
4C, which demonstrated that kakonein could inhibit the aggregation 
and formation of NLRP3 inflammasomes. The protein expression of 
NLRP3 and caspase- 1 and its downstream product IL- 1β and HMGB1 
significantly decreased in the HG model with kakonein treatment 
(Figure 4D– 4I). However, kakonein suppressed NLRP3 inflamma-
some protein expression by not reducing the transcription levels 
of Nlrp3 and Caspase- 1 (Figure 4G– 4J). These results indicated that 
kakonein may reduce activated NLRP3 inflammasome through post- 
translational protein modification.

3.5 | Kakonein restores endothelial autophagy in 
hyperglycaemia

In hyperglycaemia, the inhibition of AMPK- dependent autophagy is 
an important factor leading to inflammation. As shown in Figure 5A 
and 5B, we found that kakonein could restore the AMPK pathway in 
HG, which suggested that kakonein may activate autophagy through 
the AMPK pathway. We investigated the autophagy state and found 
that kakonein treatment significantly elevated LC3- II expression and 
reduced P62 expression (Figure 5C– 5F). Meanwhile, HG stimulation 
increased the co- localization of P62 and NLRP3 in endothelial cells, 
whereas kakonein intervention reduced the co- localization of P62 
and NLRP3 (Figure 5G and 5H). Therefore, kakonein could restore 
the autophagy pathway to degrade the NLRP3 inflammasome in HG.

3.6 | Recovery of autophagy activity abolishes 
hyperglycaemia- induced dysfunction of 
endothelial junctions

We found that rapamycin, an autophagy agonist, reduced NLRP3 
protein expression (Figure 6A and 6B) and the NLRP3 inflammasome 
product of HMGB1 (Figure 6C) and IL- 1β (Figure 6D) and then re-
stored HG- induced endothelial junction disruption (Figure 6E and 
6F). Meanwhile, the therapeutic effects of kakonein disappeared in 
the presence of rapamycin. By contrast, 3- MA, an autophagy inhibi-
tor, increased NLRP3 protein expression and abolished the effects 

F I G U R E  6   Validation of the therapeutic effect of kakonein in HG- induced endothelial cell dysfunction through the upregulation of 
autophagy. (A) and (B) Analysis and summary of NLRP3 expression after rapamycin intervention through Western blot (n = 4). (C) IL- 
1β content in supernatant was detected by ELISA kit (n = 4). (D) HMBG1 content in supernatant was detected by ELISA kit (n = 4). (E) 
Immunofluorescence representative images indicating the effects of rapamycin and kakonein on ZO- 1 under high- glucose stimulation (n = 4). 
(F) The expression of ZO- 1 was represented by RFI. #P < .05 compared with the control. **P < .01 and *P < .05 compared with HG
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of kakonein (Figure S7). Thus, these results indicated that the thera-
peutic effect of kakonein was through the recovery of autophagy to 
inhibit the NLRP3 inflammasome.

4  | DISCUSSION

Previous studies have shown that the NLRP3 inflammasome is re-
lated to the destruction of endothelial cell connections caused 
by hyperglycaemia, leading to hyperglycaemic complications.7 
Simultaneously, an increasing number of studies have found that 
Chinese herbal medicines and its extracts have obvious therapeutic 
effects on vascular endothelial dysfunction induced by diabetes.18 
Kakonein, an important PLR isoflavone, is also used in the clinical 
adjuvant therapy of cardiovascular disease19 and shows obvious 
anti- inflammatory effect.20 Our results demonstrated that kako-
nein protects against hyperglycaemia- induced endothelial dys-
function by restoring endothelial autophagy to degrade the NLRP3 
inflammasome.

Previous studies have demonstrated that kakonein has anti- 
diabetic effects by protecting pancreatic β- cells from STZ dam-
age.21 Thus, in our study, kakonein was administered only after STZ 
destroyed the pancreatic β- cells of mice to prevent kakonein from 
protecting blood vessels through the insulin pathway. The results 
showed that kakonein did not affect blood glucose (Figure 1B) and 
ameliorated the damage of the junction of cardiac vascular endo-
thelium caused by hyperglycaemia (Figure 1C– 1F). Although it has 
been reported that kakonein's hypoglycaemic effect,22 we further 
found that kakonein could significantly reduce the fasting blood 
glucose (Figure S1) and ameliorated the junction of cardiac vascular 
endothelium (Figure S2) for 4 weeks in the dose range of 80 mg/kg. 
After eliminating the hypoglycaemic effect, a model of endothelial 
junctions in an HG environment was established. Without obvious 
cytotoxic effects (Figure S3), kakonein restored endothelial junction 
function after HG stimulation in vitro (Figure 3). Metformin, which 
exhibits anti- inflammatory and pro- autophagic effects for the treat-
ment of hyperglycaemic complications,23- 25 served as a positive 
control drug and achieved the same effect as kakonein in protect-
ing endothelial junction function in hyperglycaemia. Although met-
formin has been shown to exert anti- inflammatory effects, kakonein 
shows its potential advantages in other aspects. For example, ka-
konein could lower the levels of urinary albumin excretion, serum 
creatinine (CRE) and blood urea nitrogen (BUN), meanwhile upregu-
lated the heparan sulphate proteoglycan expression and creatinine 
clearance rate diabetic nephropathy.26 The same result was found 
that kakonein restored kidney damage in hyperglycaemic animals at 
4 weeks. In our supplementary experiment, however, metformin did 
not (Figure S4). Furthermore, kakonein not only dose- dependently 
suppressed HG- induced vasoconstriction and vasodilation dysfunc-
tion, but also augmented myocardium metabolism and amelioration 
of the cardiac function.20 These data revealed that kakonein played a 
key role in the recovery of hyperglycaemia- induced endothelial junc-
tion dysfunction independent of reducing blood glucose.

As an important intracellular signalling platform in the endo-
thelium, inflammasomes play an important role in the innate im-
mune response, including regulating endothelial junction function 
in hyperglycaemia.7 Although immune cells are more likely to ac-
tivate inflammasomes, our experimental data showed that there 
was no macrophage infiltration in cardiovascular tissue (Figure S5). 
Therefore, we focussed on the inflammasome of vascular endothelial 
cells. Recently, obvious anti- inflammatory effects have been found 
in numerous Chinese medicines for the treatment of diabetes and its 
complications, including Pueraria lobata (Wild.) Ohwi.27- 29 Our find-
ings showed that kakonein decreased the protein expression levels 
of NLRP3 and caspase- 1 but did not change the gene transcription 
levels of NLRP3 and caspase- 1 (Figures 2 and 4). Therefore, kakonein 
could reduce the activation of the NLRP3 inflammasome through 
the degradation pathway.

Intracellular protein degradation mainly includes the ubiqui-
tin pathway, autophagy pathway and caspase pathway, amongst 
which autophagy dysfunction is considered an important patho-
genic mechanism of diabetes.30,31 Recent research proved that the 
increase of ROS in high glucose suppressed the binding between 
LKB1 and AMPKα, which reduces p- AMPKα T172 levels, resulting 
in AMPK inactivation.32 It is well known that AMPK, a key enzyme 
in maintaining metabolic homeostasis, is closely related to the de-
cline of autophagy in diabetes.33 Meanwhile, induction of autophagy 
leading to inactivation or selective clearance of the NLRP3 inflam-
masome regulates vascular disease in hyperglycaemia.34- 36 This 
study determined whether kakonein attenuates the activation of the 
NLRP3 inflammasome through the autophagy pathway. The results 
showed that kakonein could increase LKB1- AMPKα binding which 
suppressed by high glucose (Figure S6) and restore AMPK activity, 
result to enhance autophagy under HG conditions (Figure 5A– 5F). 
Meanwhile, autophagosomes containing abundant NLRP3 accumu-
lated under HG stimulation, and kakonein could significantly reduce 
the accumulation of autophagosomes (Figure 5G and 5H).

To complement this anti- inflammatory mechanism, we treated 
endothelial cells with rapamycin, which acted as an autophagy ago-
nist, as another positive control drug. Similar to kakonein, rapamycin 
inhibited HG- induced NLRP3 inflammasome activation and pro-
tected the function of endothelial junctions (Figure 6). In addition, 
the autophagy inhibitor 3- methyladenine significantly increased the 
expression of NLRP3, thereby confirming our hypothesis (Figure S7). 
Although rapamycin could significantly increase the level of autoph-
agy in cells, its adverse effects are often reported, such as stomatitis 
and myositis37; non- infectious interstitial pneumonitis and increas-
ing the severity of bacterial infections38; anaemia and leukopenia.39 
On the contrary, kakonein has been used in the clinical adjuvant 
treatment of cardiovascular- related diseases in China.40 There are 
fewer reports of adverse reactions, and it is safer than rapamycin.

In conclusion, this study reported for the first time that kakonein 
has a significant cardiovascular protective effect, which is reflected 
in the restoration of endothelial junctions by inhibiting the NLRP3 
inflammasome through activation of autophagy in hyperglycaemia. 
The results of this study may be helpful to guide the medication of 
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kakonein as an anti- inflammatory agent in patients with chronic met-
abolic inflammation. The progress of cardiovascular disease could be 
delayed with kakonein.
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