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Abstract

Gestational diabetes mellitus (GDM) is associated with an increased risk of progressing to type 2

DM and cardiovascular disease; however, the pathogenesis is still poorly understood. This study

was to investigate roles of thrombin and its receptor protease-activated receptor 1 (PAR-1) and

NLRP1 inflammasome in endothelial injury in GDM condition. Umbilical cord and plasma of

GDM patients and high glucose (HG) cultured human umbilical vein endothelial cells (HUVECs)

were used to examine the pathological changes of these pathways. Meanwhile, ameliorative

effects and potential mechanisms of a natural product sarsasapogenin (Sar) were investigated in

HUVECs. Thrombin/PAR-1 pathway, advanced glycation endproducts (AGEs) and their receptor

(RAGE) axis, and the nucleotide-binding domain and leucine-rich repeat containing protein 1

(NLRP1) inflammasome were activated in GDM condition and HG-cultured HUVECs,

accompanied by endothelial injury (decreased cell viability and increased lactate dehydrogenase

release). Nevertheless, thrombin inhibition or PAR-1 antagonism caused decreases in AGEs

formation and RAGE expression in HG-cultured HUVECs, while AGEs inhibition or RAGE

antagonism declined PAR-1 expression not thrombin activity. Furthermore, thrombin inhibition or

PAR-1 antagonism restrained NLRP1 inflammasome activation in HG-cultured HUVECsS;

meanwhile, NLRP1 expression and interleukin 18 levels were remarkably reduced in HG-cultured

HUVECs after PAR-1 knockdown. Interestingly, Sar co-treatment could suppress

thrombin/PAR-1 pathway, NLRP1 inflammasome, and AGEs/RAGE axis. Together, endothelial

damages in GDM were likely due to enhanced interaction between AGEs/RAGE axis and

thrombin/PAR-1 pathway, followed by NLRP1 inflammasome activation. Moreover, Sar may act

as a protective agent against endothelial injury in chronic HG condition.
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1. Introduction

Gestational diabetes mellitus (GDM) is a disease of abnormal glucose tolerance during pregnancy,

which is accompanied by a series of adverse responses in pregnant women [1], subsequently

leading to fetal macrosomia, respiratory distress syndrome, and type 2 diabetes in the offspring

[2]. Although abnormal glucose tolerance usually returns to normal in the immediate postpartum

period, women with GDM have a 20-70% risk of progressing to type 2 diabetes in the first decade

after delivery [3]. However, at present, the mechanisms of how GDM develops type 2 diabetes are

still unclear. Thus, it is important to deeply clarify the biochemical pathways in GDM. Moreover,

pharmacological interventions might prevent or delay the onset of type 2 diabetes in the affected

women.

Physiological changes of blood coagulation occur and might be at a prethrombotic state in

normal pregnancy, especially in middle and late stages [4]. Simultaneously patients with diabetes

are in a systemic and chronic blood hypercoagulability condition due to hypercoagulation and

platelet activation [S5]. Therefore, GDM may aggravate the changes of blood coagulation in normal

pregnancy [6, 7]. Thrombin, a serine protease produced during intravascular coagulation, is

typically regarded as a consequence of vascular injury, and protease-activated receptors (PARSs)

mediate the effects of thrombin in normal and disease states [8]. Vascular endothelial injury and

chronic low-grade inflammation have been considered central points in the pathophysiology of

GDM [9-11]. Elevated levels of inflammatory mediators may be associated with an increased

coagulability and a tendency towards thrombus formation in patients with type 2 diabetes who

have microvascular complications [12], suggesting an interaction between inflammation and blood

coagulation system [5]. Thrombin and PAR-1, a prototypical receptor of thrombin, also play
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important roles in vascular physiology and inflammation [13-15]. Ishibashi et al. report that

advanced glycation endproducts (AGEs), key factors for diabetic complications in

microangiopathy, potentiate the citrated plasma-induced oxidative and inflammatory reactions in

endothelial cells via the activation of thrombin/PAR-1 system [16]. Early reports show that

proinflammatory effect of thrombin and PAR-1 is associated with NF-kappaB activation [17, 18],

while interleukin 1B (IL-1B) enhances granzyme B-mediated neurotoxicity by increasing PAR-1

expression [19]. Moreover, a recent report indicates that high glucose induced endothelial injury is

associated with NLRP3 inflammasome activation in human umbilical vein endothelial cells

(HUVECs) [20]. Thus, inflammatory responses caused by thrombin/PAR-1 pathway may involve

the activation of NLRP3/1 inflammasome besides NF-kappaB activation in endothelium.

However, it is not clear about the role of thrombin and PAR-1 signaling in high glucose-caused

endothelial damages in GDM condition, and the relationship of thrombin/PAR-1 pathway and

NLRP1 inflammasome activation is not understood in vascular endothelial cells.

Sarsasapogenin (Sar) is a major steroidal sapogenin of the timosaponins separated from the

Chinese Materia Medica Rhizoma Anemarrhenae (family Asparagaceae). Timosaponin AIIl and

BII, the common glycosides of Sar, are reported to show significant antiplatelet, antithrombotic

effects and anti-inflammatory actions [21, 22], indicating that timosaponins and the major aglycon

Sar have anticoagulation and antithrombotic effects [23-25]. Importantly, timosaponin AIIl and

Sar ameliorate colitis in mice, and the vitro and in vivo anti-inflammatory effects of Sar are more

potent than AIII [26]. In addition, a recent report from our team showed that Sar markedly

ameliorated diabetic nephropathy in rats via inhibiting NLRP3 inflammasome activation and

AGESs/RAGE interaction [27]. Thus, anti-inflammatory effects may contribute to the
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anticoagulation and antithrombotic effects of timosaponins and Sar, and Sar may be a good

candidate for protection of the vascular endothelium.

In this study, our aims were: firstly, whether thrombin/PAR-1 pathway and the NLRP1

inflammasome were activated in GDM patients and HUVECs cultured with high glucose;

secondly, whether activated thrombin/PAR-1 resulted in the activation of NLRP1 inflammasome;

thirdly, whether enhanced AGEs/RAGE interaction mediated the activated thrombin/PAR-1

signaling in HUVECs in high glucose condition; finally, whether a natural compound Sar

ameliorated the damaged vascular endothelium in high glucose-cultured HUVECs.

2. Materials and Methods

2.1. Human specimen collection

GDM was diagnosed according to the International Association of the Diabetes and Pregnancy

Study Group (IADPSG) criteria: The pregnant women with 24-28 weeks were subjected to oral

glucose tolerance test by using 75 g glucose; then those patients were diagnosed to GDM with any

of the following results: fasting plasma glucose = 5.1 mmol/L, 1 h plasma glucose = 10.0

mmol/L, and 2 h plasma glucose = 8.5 mmol/L [28]. The high blood glucose in GDM patients

was controlled using diet or insulin. For insulin control, the blood glucose was kept within 4.4

mmol/L after fasting or at 6.7 mmol/L for 2 hour post-meal. The umbilical cord tissues of

pregnant women with and without GDM hospitalized in full-term pregnancy were collected in the

cesarean section operating room of the Affiliated Hospital of Xuzhou Medical University. The

umbilical cord tissue 2 to 3 cm near the fetus side was cut and collected, one part for paraffin

embedding and the other part preserved in the -80°C refrigerator for use. Serum samples were

collected from the Department of Clinical Laboratory of the Affiliated Hospital of Xuzhou
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Medical University. The experiment obtained an approval from the Ethics Committee of the

Affiliated Hospital of Xuzhou Medical University (reference number: XYFY2019-K1.172-02).

2.2. HUVECs culture and treatments

The HUVEC:s cell line was purchased from Shanghai Bioengineering Biotechnology Co., Ltd,

China. HUVECs cultured in vitro at passage 5 to 10 were used for experiments. The cells were

cultured in Dulbecco's modified Eagle medium (DMEM) containing 10% fetal bovine serum.

DMEM culture medium and fetal bovine serum were purchased from Hyclone (Logan, UT, USA).

After incubation for 24 h under normal conditions (medium containing 5.56 mmol/L glucose, 10%

FBS, 100 U/mL penicillin and 100 pg/mL streptomycin, 5% CO,, 37 °C) and subsequent cell

cycle synchronization for 12 h, HUVECs were divided into the following groups: normal glucose

group (NG, 5.56 mmol/L glucose), high glucose group (HG, 30 mmol/L glucose), low, middle,

and high concentrations of Sar group (HG+Sar, 30 mmol/L glucose plus 0.2, 1.0, 5.0 umol/L

sarsasapogenin, respectively), PAR-1 antagonist group (HG+Vor, 30 mmol/L glucose plus 1.0

umol/L vorapaxar), thrombin inhibitor group (HG+Arg, 30 mmol/L glucose plus 1.0 umol/L

argatroban), AGEs inhibitor group (HG+AG, 30 mmol/L glucose plus 1.0 pmol/L

aminoguanidine), and RAGE antagonist group (HG+FPS-ZM1, 30 mmol/L glucose plus 1.0

umol/L FPS-ZM1). Sarsasapogenin (purity > 98%) was purchased from Beijing Medicass

Biotechnologies, Co. Ltd., China, vorapaxar d from Selleckchem (Shanghai), argatroban from

Sigma-Aldrich (Shanghai), aminoguanidine from Aladdin (Shanghai), and FPS-ZM1 from

MedChemExpress (Shanghai), China. Sarsasapogenin and all the above tool drugs were dissolved

in dimethylsulfoxide and made into stock solutions for use. After treatment with the above

different agents for 48 h, the cells were harvested for indices analysis. The culture time was
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selected according to the changes of PAR-1 protein in HUVECs cultured with 30 mmol/L glucose

for 24 h, 48 h, and 72 h, respectively.

2.3. PAR-1 knockdown in HUVECs

Lentivirus carrying F2R shRNA (shF2R) (Shanghai Genechem Gene Chemical Technology, Co.

Ltd., China) was transfected into HUVECSs, establishing a stable cell line with PAR-1 knockdown.

After 72 h of screening with puromycin (Xuzhou VICMED Bioengineering Co., Ltd., China),

samples of cell stable strains were collected. Then the interference efficiency of shF2R was

confirmed, and the cells were divided into two kinds: negative control (shNC) and PAR-1

knockdown (shF2R). The specific groups were: HG group (30 mmol/L glucose), HG+Sar group

(30 mmol/L glucose plus 5 umol/L Sar), shF2R+HG group (30 mmol/L glucose in shF2R cells),

and shF2R+HG+Sar, (30 mmol/L glucose plus 5 umol/L in shF2R cells). The protein expression

of NLRP1 was detected by Western blot and intracellular IL-18 level by enzyme-linked

immunosorbent assay (ELISA).

2.4. CCK-8 assay for cell viability

CCK-8 assay was used for cell damage [29]. Briefly, cell suspension (100 uL/well, 1.0x10%/ml)

was pre-incubated in a 96-well plate for 24-48 h at 37°C in a humidified atmosphere of 5% CO,.

After the cells were incubated in different groups for 24 h, 10 pL of the CCK-8 solution (Dongren

Chemical Technology (Shanghai) Co. Ltd., China) was added to each well of the plate and

incubated for 2 h in incubator. After 10 pL of 1% (w/v) SDS added to each well in dark at room

temperature, the absorbance was determined at 450 nm using a microplate reader. The net

absorbance of the normal glucose group was considered as 100% of the cell viability.

2.5. Lactate dehydrogenase (LDH) release for cytotoxicity
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LDH release was used to further assess endothelial cell injury referring to previous report [30].

Add 100 pL of cell suspension to each well in 96-well plate, mix and prepare in culture incubator

(37 °C, 5% COy) for 24 h. One hour before the scheduled detection time point, the cell culture

plate was taken out from the cell culture incubator, and the reagent provided by the LDH release

kit (Beyotime Biotechnology, Nantong, China) was added to the “control well with maximum

enzyme activity”. After adding the reagents of LDH release, mix repeatedly and continue to

incubate in the cell culture incubator. After the predetermined time was reached, the cell culture

plates were centrifuged at 400 g for 5 min. Then 120 pL of the supernatant was taken and added to

the corresponding well in a new 96-well plate, and then 60 pL of test solution of LDH release was

added, mixed well, and incubated at room temperature for 30 min in the dark. The absorbance was

then measured at 490 nm. The net absorbance of the normal glucose group was considered as

100% of the LDH release.

2.6. Determination of thrombin activity

Thrombin activity was measured by a fluorometric assay based on the cleavage rate of the

synthetic thrombin substrate Boc-Asp (OBzl)-Pro-Arg-AMC according to previous study [31].

The protein concentration in the supernatant of tissues or cells was determined by the BCA

method. Tris/HCL 1.21 g, CaCl, 22.2 mg, NaCl 1.755 g, and BSA 0.2 g were dissolved in 200 mL

of deionized water (pH = 8.8) to prepare a buffer solution, which was stored at 4°C until use. The

77 mg Boc-Asp (OBzl)-Pro-Arg-AMC fluorogenic substrate (Nanjing Peptide Industry

Biotechnology Co., Ltd, China) was dissolved in 10 mL of DMSO, and 1.0 mg bestatin

(Selleckchem, Shanghai, China) in 1 mL DMSO, mixed well in dark, and stored at -20°C.

According to protein amount of 60 pg, the enzymatic sample was added to the reaction system

10
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221

with a final volume 100 pL including bestatin and the fluorescent substrate in a black 96-well

microplate, and then fully mixed. The reaction was carried out in an oven at 37 °C for 50 min, and

the optical density value was immediately measured with a fluorescence spectroscopy at the

excitation wavelength 360 nm and emission wavelength 465 nm. The net absorbance from the

plates of cells cultured with normal glucose was considered as 100% thrombin activity.

2.7. ELISA assay of IL-18 and IL-1P

IL-18 and IL-1P levels were measured by using corresponding human IL-18 and IL-1 ELISA Kkits

(Wuhan Boster Bio-technology Co., Ltd., China) according to the manufacturer's instructions.

2.8. Western blotting analysis for PAR-1, cleaved-caspase-1, NLRP1, and RAGE levels

Protein concentration of the sample was determined using a BCA protein assay kit (Thermo

Scientific, Rockford, IL, USA). The protein samples were separated using sodium dodecyl sulfate

polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane

(Millipore, Bedford, MA, USA). The membrane was blocked with 2% milk powder solution for

60 min and incubated over night at 4°C with primary antibodies anti-p-actin (Bioworld

Technology, Inc., St. Louis, USA, 1:1000), anti-RAGE (Abcam Company, Cambridge, UK,

1:1000), anti-PAR-1 (Sigma-Aldrich Company, Shanghai, China, 1:1000), anti-cleaved-caspase-1

(Bioworld Technology, Inc., Bloomington, USA, 1:1000), and anti-NLRP1 (Abcam Company,

Cambridge, USA, 1:1000). The proteins were detected using goat anti rabbit [gG(H+L) secondary

antibodies (Li-Cor Inc., Lincoln, NE), respectively. Infrared Imaging System (Gene Company

Limited, Hong Kong, China) was applied to detect immunoreactive blots. The signal densities on

the blots were measured with Image J software and normalized using rabbit anti-f-actin antibody

(Bioworld Technology, St. Louis, USA) or rabbit anti-GAPDH antibody (ABclonal

11
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Biotechnology Co., Ltd., Boston, USA) as an internal control.

2.9. Immunofluorescence analysis for PAR-1 and AGEs

Immunofluorescence assay was performed according to the report [32]. Cells plated on coverslips

were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.1% TritonX-100 in PBS

for 5 min, treated with blocking medium (1% bovine serum albumin in PBS) for 30 min, and then

incubated with anti-PAR-1 antibody (Cat No.Cleaved-Ser42, Sigma-Aldrich Company, Shanghai,

China) or anti-AGEs antibody (Abcam Company, Cambridge, UK), at 37°C for 2 h.

Immune-reacted primary antibody was detected after 1-h incubation in dark place at 37°C with a

secondary antibody Dylight 594 Affinipure donkey anti-rabbit IgG (H+L) (Earthox, Millbrae, CA,

USA).The cells were further stained with DAPI (Vector, Burlingame, CA, USA) for 2 min in dark

place at room temperature and washed, then mounted onto microscope slides in mounting

medium. Observations were carried out by using an Olympus BX43F fluorescence microscope

(Tokyo, Japan).

2.10. AGEs expression in umbilical cord by immunofluorescence

Protein detection in tissue paraffin section by immunofluorescence assay was conducted as our

previous report [27]. Briefly, 4-um sections were incubated with anti-AGEs antibody (Abcam

Company, Cambridge, UK, 1:200) overnight at 4 °C followed by the secondary antibody Dylight

594-AffiniPure donkey anti-rabbit IgG(H+L) (EarthOx, LLC, Millbrae, USA). Then, the sections

were further stained with DAPI (Vector, Burlingame, USA) for 3 min in dark place. Finally, the

sections were examined using an Olympus BX43F fluorescence microscope (Tokyo, Japan).

2.11. Statistical analysis

All statistical analyses were carried out using GraphPad Prism 7.0 software. The values (a

12
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maximum of two) with a large dispersion to the mean were rejected during data entry. An

unpaired, two-tailed Student’s t test was performed for statistical analysis or one-way ANOVA

with Dunnet’s post hoc tests for analysis, wherever applicable. Data were represented as mean =+

SEM. A P value < 0.05 was considered statistically significant.

3. Results

3.1. Activation of the thrombin/PAR-1 pathway and AGEs/RAGE axis in GDM patients

To determine whether the thrombin/PAR-1 pathway was activated in GDM patients, thrombin

activity and protein expression of PAR-1 were assessed in umbilical cord. The data indicated that

enzymatic activity of thrombin and protein expression of PAR-1 were significantly (both P <

0.01) increased in the umbilical cord of GDM women, compared with those in normal pregnant

women (Fig. 1A, B). Meanwhile, further to investigate the alteration of AGEs/RAGE axis in

GDM condition, AGEs levels and protein expression of RAGE were determined in the GDM

women. It was found that protein expression of RAGE (P < 0.01) as well as AGEs levels was

markedly up-regulated in the umbilical cord of GDM women, compared with the normal pregnant

women (Fig. 1C, D). These results indicated that both thrombin/PAR-1 pathway and AGEs/RAGE

axis were activated in vascular endothelium in GDM condition.

3.2. Activation of the NLRP1 inflammasome in GDM patients

In order to explore whether activation of the NLRP1 inflammasome occurred in GDM patients,

protein expression of NLRP1 and cleaved-caspase 1 (two major components of the NLRP1

inflammasome) in umbilical cord, and an important product IL-18 levels in plasma were

examined. GDM significantly (P < 0.05 or P < 0.01) raised the protein expressions of NLRP1 and

cleaved-caspase 1 in umbilical cord as well as IL-18 levels in plasma of the expectant women,
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compared with the normal expectant mothers (Fig. 2A, B, C). However, it was found that IL-1

levels were very low in plasma of GDM patients (data not shown). So the NLRP1 inflammasome

was activated in GDM condition.

3.3. Activation of the thrombin/PAR-1 pathway in HG-cultured HUVECsS and effects of Sar

To thoroughly investigate the changes of those pathways in GDM condition, HG-cultured

HUVEGC:s (a cell line of endotheliocyte) was used. Protein expression of PAR-1 was selected to be

examined in HUVECs cultured with high glucose for different time to seek for applicable culture

protocol. It was found that 30 mmol/L glucose obviously increased the protein expression of

PAR-1 in HUVEC: after culture for both 48 h and 72 h by immunofluorescence analysis, while

PAR-1 protein was slightly raised for 24 h culture (Fig. 3). So the in vitro experiment protocol

HUVEC:S cultured with 30 mmol/L glucose for 48 h was adopted.

Chronic HG culture moderately increased thrombin activity in HUVECs compared with normal

glucose group (Fig. 4A), while dramatically (P < 0.05) up-regulated PAR-1 protein expression

(Fig. 4B). The results were similar to those in GDM patients (Fig. 1A, B). Nonetheless, both

PAR-1 antagonism with vorapaxar and thrombin inhibition with argatroban reversed the increase

in PAR-1 protein expression in HG-cultured HUVECs (Fig. 4B), verifying a vital role of PAR-1

in vascular endothelial functions. Furthermore, treatment with a natural compound Sar

significantly (P < 0.05 or P < 0.01) declined thrombin activity and PAR-1 protein expression at

both 1.0 and 5.0 umol/L in HG-cultured HUVECs (Fig. 4A, B), demonstrating that Sar could

suppress thrombin/PAR-1 pathway.

3.4. Activation of AGEs/RAGE axis in HG-cultured HUVECs and effects of Sar

The formation of AGEs and protein expression of RAGE were also investigated in HG-cultured

14
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HUVEC:S to seek for the potential mechanism of the activated thrombin/PAR-1 pathway.

Immunofluorescence study demonstrated that AGEs level was markedly increased in HG-cultured

HUVECSs (Fig. 5A), and protein expression of RAGE was also remarkably (P < 0.01) up-regulated

in HUVECs exposed to chronic HG (Fig. 5B). However, both the AGEs levels and RAGE

expression were significantly (P < 0.05 or P <0.01) decreased in all three concentrations of Sar

groups, compared to the untreated groups in HG-cultured HUVECs (Fig. 5A, B), suggesting a

strong inhibitory effect of Sar on AGEs/RAGE interaction.

3.5. Endothelial injury in HG-cultured HUVECsS and effects of Sar

In order to examine whether the activated thrombin/PAR-1 pathway resulted in vascular

endothelial injury in prolonged HG condition, cell viability and LDH release were detected in

HG-cultured HUVECs. Figure 6A showed that cell viability was markedly (P < 0.05) decreased in

HUVECS cultured with HG for 48 h related to that in HUVECs cultured with normal glucose, and

LDH release was remarkably (P < 0.01) promoted in HG-cultured HUVECs (Fig. 6B).

Nonetheless, a PAR-1 antagonist or a thrombin inhibitor significantly (P < 0.05 or P <0.01)

reduced LDH release in HG-cultured HUVECs, and the effect of PAR-1 antagonism was better

than that of thrombin inhibition (Fig. 6B). These reflected a contribution of the thrombin/PAR-1

pathway to vascular endothelial injury under the high glucose conditions. Moreover, cell viability

and LDH release were significantly (P < 0.05 or P < 0.01) ameliorated by Sar at the

concentrations of 0.2, 1.0, and 5.0 umol/L in HG-cultured HUVECs (Fig. 6A, B).

3.6. Activation of the NLRP1 inflammasome in HG-cultured HUVECsSs and effects of Sar

In order to explore whether the NLRP1 inflammasome was activated in HUVECs exposed to

chronic HG, protein expressions of NLRP1 and cleaved-caspase 1 as well as the levels of IL-18

15
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and IL-1P were determined. Results indicated that NLRP1 inflammasome was significantly

activated in HG-cultured HUVECS, as evidenced by the increased protein expressions of NLRP1

(P <0.01) and cleaved-caspase 1 (P < 0.05), and the elevated levels of IL-18 and IL-1p (both P <

0.01), compared with the culture with normal glucose (Fig. 7A-D). Moreover, treatment with Sar

at 1.0 or 5.0 pmol/L had similar ameliorative effects to thrombin/PAR-1 pathway inhibition on the

activation of NLRP1 inflammasome in HG-cultured HUVECs, while 0.2 umol/L Sar mildly

improved these indices (Fig. 7A-D). Together with our previous report [27], we could conclude

Sar indeed had an inhibitory efficacy on NLRP1/3 inflammasome.

3.7. Interaction between AGEs/RAGE axis and thrombin/PAR-1 pathway in HG-cultured

HUVECs

To verify whether the activated thrombin/PAR-1 pathway was associated with the enhanced

AGESs/RAGE interaction in HG-cultured HUVECsS, both thrombin activity and PAR-1 expression

were assessed in the presence and absence of AGEs inhibition or RAGE antagonism. It was found

that protein expression of PAR-1 was markedly (both P < 0.01) reduced in HUVECs co-cultured

with HG plus either aminoguanidine (AG, a typical inhibitor of AGEs formation) or FPS-ZM1 (a

high-affinity antagonist of RAGE) (Fig. 8A), as well as co-culture with HG and high

concentration of Sar (Fig. 8A). However, thrombin activity was not changed in HUVECs

co-cultured with HG plus either aminoguanidine or FPS-ZM 1, compared with HG culture alone

(Fig. 8B), but thrombin activity was still significantly (P < 0.05) decreased after co-culture with

HG and high concentration of Sar (Fig. 8B). These results demonstrated that it was thrombin

receptor PAR-1 not thrombin itself that was influenced by AGEs/RAGE axis in HUVECs in HG

condition. On the other hand, high glucose co-culture with a thrombin inhibitor argatroban or a
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332  PAR-1 antagonist vorapaxar markedly attenuated the increase in AGEs level in HUVECs (Fig.

333  5A), and greatly (P < 0.05 or P <0.01) suppressed the expression of RAGE (Fig. 5B), compared

334  with HG culture alone. Taken together, a crosstalk may exist between thrombin/PAR-1 pathway

335 and AGEs/RAGE axis in vascular endothelial injury in high glucose condition.

336 3.8 Thrombin/PAR-1 pathway mediated the activation of NLRP1 inflammasome in HG-cultured

337 HUVECs

338  The mechanism of the proinflammatory effect of activated thrombin/PAR-1 pathway was

339  explored from the point of NLRP1 inflammasome activation in HG-cultured HUVECs. Compared

340  with high glucose culture alone, high glucose co-culture with a thrombin inhibitor argatroban or a

341  PAR-1 antagonist vorapaxar reversed the increases in NLRP1, cleaved-caspase 1, IL-18, and

342 IL-1B levels in HG-cultured HUVECs (Fig. 7A-D), showing that activated thrombin/PAR-1

343  pathway may cause NLRP1 inflammasome activation in HG-cultured HUVECs. To further testify

344  this relationship, a HUVEC line with a stable PAR-1 knockdown by using short hairpin RNA

345  (shRNA) was established. The interference efficiency of F2R shRNA (F2R as the gene symbol of

346  PAR-1) (Fig. 9) was enough to perform the following experiment. It was found that NLRP1 and

347  IL-18 levels were dramatically (both P < 0.01) decreased in HG-cultured HUVECs with PAR-1

348  knockdown, compared to those in HG-cultured HUVECs with normal PAR-1 expression (Fig.

349 10A, B). The similar results were obtained by using HG co-treatment with high concentration of

350  Sar (i.e. HG+Sar-5) in the condition of PAR-1 knockdown (Fig. 10A, B). Altogether, we could

351  obtain that the proinflammatory effect of activated thrombin/PAR-1 pathway was achieved

352  through the activation of NLRP1 inflammasome in vascular endothelium in high glucose

353 condition.
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354 4. Discussion

355  In this study, we found that thrombin/PAR-1 pathway, the NLRP1 inflammasome, and

356  AGEs/RAGE axis were activated in the umbilical cord of GDM patients. In HUVECs cultured

357  with chronic high glucose, the above mentioned pathways were also activated, in couple with

358  noteworthy endothelial injuries. Further studies demonstrated that there may be a crosstalk

359  between AGEs/RAGE axis and thrombin/PAR-1 pathway, followed by the activation of NLRP1

360 inflammasome in HG-cultured HUVECs. Moreover, a natural compound sarsasapogenin

361  ameliorated endothelial damages caused by chronic high glucose, which was achieved through

362  suppressing vascular inflammation mediated by both AGEs/RAGE axis and thrombin/PAR-1

363  pathway.

364 The physiological changes of blood coagulation occur in normal pregnancy and might be at a

365  prethrombotic state, evidenced by both the increased coagulation activity and the reduced

366  anticoagulation and fibrinolytic activity [4]. Gumus et al. reported that thrombin-activatable

367  fibrinolysis inhibitor antigen levels in plasma were significantly higher in pregnant women with

368  GDM when compared with controls, and may contribute to the decreased fibrinolytic potency,

369  causing a thrombophilic state [7]. The present study indicated that thrombin activity was markedly

370  elevated in the umbilical cord of GDM patients and HG-cultured HUVECsS. Furthermore, protein

371  expression of PAR-1 was significantly raised in both the umbilical cord of GDM patients and

372 HG-cultured HUVECS, indicating that thrombin/PAR-1 pathway was activated in the vascular

373 endothelial cells in GDM condition.

374 Obvious vascular endothelial injury happens in GDM condition, which is closely related to

375  inflammation [11]. Accumulating data suggest that inflammasomes, mainly NLRP3 and NLRP1,
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are involved in the generation of tissue or organ damage through exaggerating systemic and

organ-specific inflammatory responses [33]. We found that the NLRP1 inflammasome was

activated in GDM patients, for protein expressions of its main components NLRP1 and

cleaved-caspase 1 in the umbilical cord and its product IL-18 levels in plasma were remarkably

elevated. Similarly, the NLRP1 inflammasome was also activated in HG-cultured HUVECs,

accompanied by the damaged endothelial functions. Additionally, Jiang et al. reported that the

NLRP3 inflammasome activation was also involved in HG-induced endothelial injury in HUVECs

[20]. On the other hand, thrombin is a potent modulator of endothelial function, and

thrombin-dependent adhesion of monocytes to endothelial cells requires an intact endothelial

CARMAZ3-Bcl10-MALTTI signalosome [17], and up-regulation of PAR-1 is critically involved in

the co-activation of coagulation and inflammatory responses caused by thrombin [14]. In the

present study, co-treatment with high glucose and a thrombin inhibitor argatroban or a PAR-1

antagonist vorapaxar reversed the increases in NLRP1, cleaved-caspase 1, IL-18, and IL-1p levels

in HG-cultured HUVECs. Moreover, NLRP1 and IL-18 were markedly decreased in HUVECs

cultured with HG after PAR-1 knockdown by using F2R shRNA. These results demonstrated that

the activated NLRP1 inflammasome was due to activation of the thrombin/PAR-1 pathway in

endothelial cells in GDM condition.

AGEs may prime pro-inflammatory mechanisms through RAGE in endothelial cells, thereby

amplifying pro-inflammatory mechanisms in chronic inflammatory disorders [34]. RAGE

expression was significantly increased in the omental adipose tissue explant from GDM subjects,

and its ligand high mobility group box 1 protein was markedly elevated in fetal membranes from

GDM subjects [35]. Our finding showed that AGEs levels and RAGE protein expression were
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remarkably raised in the umbilical cord of GDM patients. Coincidentally, Tang et al. found that

AGEs/RAGE axis was activated in the rat model of GDM, and secretory RAGE showed a

protective effect on fetal development [36]. Furthermore, our cell experiments demonstrated that

AGESs/RAGE axis was similarly activated in HG-cultured HUVECs, and Rajaraman et al. reported

that HG caused vascular inflammation through AGEs mediated multiple axes besides

AGESs/RAGE axis in the primary culture of HUVECs [37]. These studies reinforce the enhanced

AGESs/RAGE interaction in vascular endothelium in chronic high glucose exposure.

Importantly, our observations showed that AGEs inhibition or RAGE antagonism markedly

decreased PAR-1 protein expression (Fig. 8A) in HG-cultured HUVECs, but did not affect

thrombin activity (Fig. 8B), exhibiting that the enhanced AGE/RAGE interaction mediated

HG-induced PAR-1 up-regulation in HUVECs. On the other hand, thrombin inhibition or PAR-1

antagonism significantly declined not only AGEs levels (Fig. 5A) but also RAGE protein

expression in HG-cultured HUVECs (Fig. 5B). Additionally, Ishibashi et al. reported that AGEs

potentiated the citrated plasma-induced oxidative and inflammatory reactions in endothelial cells

via the activation of thrombin/PAR-1 system, and blockade of the crosstalk between AGEs/RAGE

axis and coagulation system might be a novel therapeutic target for thromboembolic disorders in

diabetes [16]. In short, these results revealed an interaction between AGE/RAGE axis and

thrombin/PAR-1 pathway in endothelial injuries in prolonged high glucose condition.

The present study also testified that a natural compound Sar had an ameliorative effect on

endothelial damages against chronic high glucose. Timosaponin BII and AllI, the natural

glycosides of Sar, possess strong antiplatelet and antithrombotic effects [21, 22]. Our study

indicated that Sar could inhibit the activation of thrombin/PAR-1 pathway in HG-cultured
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HUVECs, which may be the reasons for the antiplatelet and antithrombotic effects of the

glycosides of Sar. Moreover, timosaponin BII, AIll, and Sar show powerful anti-inflammatory

actions mainly through inhibiting NF-kappaB signal pathway and MAPK pathway [23-26]. In the

current study, we found that Sar remarkably suppressed the activated NLRP1 inflammasome in

HG-cultured HUVECs, which further clarified the action mechanism of anti-inflammatory

efficacy of Sar and its glycosides. Meanwhile, our results indicated that Sar significantly inhibited

AGESs/RAGE interaction in HG-cultured HUVEC:s. In addition, our previous report demonstrated

that Sar restrained the activation of AGEs/RAGE axis in the kidney of rats with diabetic

nephropathy [27]. Therefore, these findings indicated that Sar showed good protection against

chronic high glucose-induced endothelial damages through several pathways, suggesting Sar a

multi-target compound.

In summary, our findings demonstrated that high glucose-induced endothelial damage in GDM

was associated with thrombin/PAR-1 pathway mediated activation of the NLRP1 inflammasome,

and there may be an interaction between thrombin/PAR-1 pathway and AGEs/RAGE axis in

endothelial damages in high glucose state (Fig. 11). Moreover, Sar could act as a multi-target

protective agent against endothelial injury in prolonged HG condition (Fig. 11).
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Figure captions

Fig. 1 Thrombin activity (A), PAR-1 expression (B), RAGE expression (C), and AGEs levels (D)

in the umbilical cord of GDM patients. The 60-70 pg protein was loaded onto the gel in Western

blot detection. Mean £ SEM, thrombin (n=8), PAR-1 (n=6), RAGE (n=6). **P<0.01, compared

with N. Scale bar: 20 um.

Fig. 2 Protein expressions of NLRP1 (A) and cleaved caspase-1 (B) in umbilical cord, and IL-18

levels in plasma (C) of GDM patients. The 60-70 ug protein was loaded onto the gel in Western

blot detection. Mean + SEM, NLRP1 and cleaved caspase-1 (n=6), IL-18 (n=31-32). *P<0.05,

**P<0.01, compared with N.

Fig. 3 Protein expression of PAR-1 in HUVECs cultured with high glucose for 24 h, 48 h, and 72

h by immunofluorescence. NG and HG represented 5.6 mmol/L glucose and 30 mmol/L glucose,

respectively. Scale bar: 20 um.

Fig. 4 Effects of sarsasapogenin (Sar) on thrombin activity (A) and PAR-1 expression (B) in

HUVECs cultured with high glucose for 48 h. NG, HG, HG+Sar-0.2, HG+Sar-1, HG+Sar-5,

HG+Vor, and HG+Arg groups: cells treated with 5.6 mmol/L glucose, 30 mmol/L glucose, 30

mmol/L glucose plus 0.2, 1, 5 umol/L Sar, 1.0 pmol/L vorapaxar (Vor, a selective PAR-1

antagonist), or 1.0 pmol/L argatroban (Arg, a typical inhibitor of thrombin), respectively. The 50

ug protein was loaded onto the gel in Western blot detection. Mean = SEM, thrombin (n=6),

PAR-1 (n=3). *P<0.05, compared with NG; #P<0.05, #P<0.01, compared with HG.
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Fig. 5 Effects of sarsasapogenin (Sar) on AGEs levels (A) and protein expression of RAGE (B) in

HUVECs treated with high glucose for 48 h. NG, HG, HG+Sar-0.2, HG+Sar-1, HG+Sar-5,

HG+Vor, and HG+Arg groups: cells treated with 5.6 mmol/L glucose, 30 mmol/L glucose, 30

mmol/L glucose plus 0.2, 1, 5 umol/L Sar, 1.0 pumol/L vorapaxar (Vor, a selective PAR-1

antagonist), or 1.0 pmol/L argatroban (Arg, a typical inhibitor of thrombin), respectively. The 50

ug protein was loaded onto the gel in Western blot detection. Mean = SEM, RAGE (n=3). **P <

0.01, compared with NG; #P<0.05, #P<0.01, compared with HG.

Fig. 6 Effects of sarsasapogenin (Sar) on cell viability (A) and LDH release (B) in HUVECs

cultured with high glucose for 48 h. NG, HG, HG+Sar-0.2, HG+Sar-1, HG+Sar-5, HG+Vor, and

HG+Arg groups: cells treated with 5.6 mmol/L glucose, 30 mmol/L glucose, 30 mmol/L glucose

plus 0.2, 1, 5 pmol/L Sar, 1.0 pmol/L vorapaxar (Vor, a selective PAR-1 antagonist), or 1.0

umol/L argatroban (Arg, a typical inhibitor of thrombin), respectively. Mean + SEM, n=3.

*P<0.05, **P<0.01, compared with NG; *P<0.05, #P<0.01, compared with HG.

Fig. 7 Effects of sarsasapogenin (Sar) on protein expressions of NLRP1 (A), cleaved caspase-1

(B), IL-18 (C), and IL-1B (D) in HUVECs treated with high glucose for 48 h. NG, HG,

HG+Sar-0.2, HG+Sar-1, HG+Sar-5, HG+Vor, and HG+Arg groups: cells treated with 5.6 mmol/L

glucose, 30 mmol/L glucose, 30 mmol/L glucose plus 0.2, 1, 5 umol/L Sar, 1.0 umol/L vorapaxar

(Vor, a selective PAR-1 antagonist), or 1.0 umol/L argatroban (Arg, a typical inhibitor of

thrombin), respectively. The 50 pg protein was loaded onto the gel in Western blot detection.
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Mean + SEM, NLRP1 (n=5), cleaved caspase-1 (n=4), IL-18 and IL 1B (n=3). *P < 0.05, **P <

0.01, compared with NG; #P<0.05, #P<0.01, compared with HG.

Fig. 8 Effects of inhibition of AGEs/RAGE axis on PAR-1 expression (A) and thrombin activity

(B) in HUVECS cultured with high glucose for 48 h. HG, HG+Sar-5, HG+AG, and HG+FPS-ZM 1

groups represent cells treated with 30 mmol/L glucose, 30 mmol/L glucose plus 5 umol/L Sar, 1

umol/L aminoguanidine (AG, a typical inhibitor of AGEs formation), or 1 umol/L FPS-ZM1 (a

high-affinity inhibitor of RAGE), respectively. The 50 ug protein was loaded onto the gel in

Western blot detection. Mean £ SEM, PAR-1 (n=5), thrombin (n=6). *P<0.05, **P<0.01,

compared with HG.

Fig. 9 Interference efficiency of F2R shRNA (shF2R) was performed in HUVECs. (A) HUVECs

infected with lentivirus containing F2R shRNA (F2R as the gene symbol of PAR-1) under

bright-field microscopy illumination, and fluorescent light in the same field showed stable and

high expression of green fluorescent protein (GFP). (B) The protein levels of PAR-1 by Western

blot using 50 pg total proteins. Mean £+ SEM, n=3, **P<0.01, compared with vehicle (shNC).

Fig. 10 Effects of PAR-1 knockdown on protein expressions of NLRP1 (A) and IL-18 (B) in

HUVECSs treated with high glucose for 48 h. HG, HG+Sar-5, shF2R+HG, and shF2R+HG+Sar-5

groups represent cells infected with lentivirus containing F2R negative control (shNC) or F2R

shRNA (F2R, the gene symbol of PAR-1) subsequently cultured with HG or HG plus 5 umol/L

Sar, respectively. The 50 ug protein was loaded onto the gel in Western blot detection. Mean +
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SEM, NLRP1 (n=3), IL-18 (n=5). **P < 0.01, compared with HG; #P<0.05, #P<0.01, compared

with HG+Sar-5.
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