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Abstract

Rationale—Endothelial injury is an initial mechanism mediating cardiovascular disease.

Objective—Here, we investigated the effect of hyperhomocysteinemia (HHcy) on programed cell 

death in endothelial cells (EC).

Methods and Results—We established a novel flow-cytometric gating method to define 

pyrotosis (Annexin V−/Propidium iodide+). In cultured human EC, we found that: 1). Hcy and 

Lipopolysaccharide (LPS) individually and synergistically induced inflammatory pyroptotic and 

non-inflammatory apoptotic cell death. 2). Hcy/LPS induced caspase-1 activation prior to 

caspase-8, -9, -3 activations. 3). Caspase-1/3 inhibitors rescued Hcy/LPS-induced pyroptosis/

apoptosis, but caspase-8/9 inhibitors had differential rescue effect. 4). Hcy/LPS induced NLRP3 

protein, caused NLRP3-containing inflammasome assembly, caspase-1 activation and IL-1β 

cleavage/activation. 5). Hcy/LPS elevated intracellular reactive oxidative species (ROS). 6). 
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Intracellular oxidative gradient determined cell death destiny as intermediate intracellular ROS 

levels are associated with pyroptosis, whereas, high ROS corresponded to apoptosis. 7). Hcy/LPS 

induced mitochondrial membrane potential collapse and cytochrome-c release, and increased Bax/

Bcl-2 ratio which were attenuated by antioxidants and caspase-1 inhibitor. 8). Antioxidants 

extracellular superoxide dismutase and catalase prevented Hcy/LPS-induced caspase-1 activation, 

mitochondrial dysfunction and pyroptosis/apoptosis. In cystathionine β-synthase deficient (Cbs−/−) 

mice, severe HHcy induced caspase-1 activation in isolated lung EC and caspase-1 expression in 

aortic endothelium, and elevated aortic caspase-1,9 protein/activity and Bax/Bcl-2 ratio in Cbs−/− 

aorta and HUVEC. Finally, Hcy-induced DNA fragmentation was reversed in caspase-1−/− EC. 

HHcy-induced aortic endothelial dysfunction was rescued in caspase-1−/− and NLRP3−/− mice.

Conclusion—HHcy preferentially induces EC pyroptosis via caspase-1-dependent 

inflammasome activation leading to endothelial dysfunction. We termed caspase-1 responsive 

pyroptosis and apoptosis as pyrop-apoptosis.
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INTRODUCTION

Hyperhomocysteinemia (HHcy) is an independent risk factor for cardiovascular disease 

(CVD).1–3 We and others have reported that HHcy promotes atherosclerosis4 via inhibiting 

endothelial cell (EC) growth,5 leading to impaired post-injury endothelial repair, vascular 

remodeling, atherosclerosis,4–7 and endothelial dysfunction8, inhibits HDL biosynthesis and 

promotes inflammatory monocyte differentiation.9–11

Endothelial injury is the initial event of atherogenesis.12 Homocysteine (Hcy) may cause 

apoptosis in ECs,13, 14 which disrupts the integrity of the endothelium. It is believed that 

apoptosis can be mediated by three pathways, including 1) intrinsic (mitochondrial-

mediated), 2) extrinsic (death receptor-mediated), and 3) endoplasmic reticulum (ER) stress-

derived signaling pathway.15, 1617 All these three pathways lead to caspase-3 activation and 

finally apoptosis.16

Recently, pyroptosis is recognized as a new type of inflammatory programed cell-death 

(PCD). Unlike apoptosis, pyroptosis responses to pathogen associated molecular patterns 

(PAMPs), results in the release of cytokines and is initially described as antimicrobial 

reaction in immune cells.18, 19 Pyroptosis is initiated by the binding of intracellular pathogen 

to NOD-like receptors (NLRs), leading to the formation of inflammasome, in which pro-

caspase-1 complexes with inflammasome-adaptor protein adaptor-apoptosis-associated 

speck-like protein containing a CARD (ASC) and become activated caspase-1. Activated 

caspase-1 can cleave proinflammatory cytokines interleukin (IL)-1β and IL-18 resulting in 

their maturation.20, 21 Inflammasome can also sense danger associated molecular patterns 

(DAMPs) in the absence of pathogenic challenge, such as glucose,22 oxidized low density 

lipoprotein and cholesterol crystals,23 or ion channel efflux,24 and lysosome 

destabilization.25 However, how metabolic DAMPs cause pyroptosis is largely unknown. It 
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was reported that Hcy induced apoptosis in EC.26 HHcy-induced pyroptosis has not been 

studied.

We and others have demonstrated that HHcy inhibits EC growth and vascular repair, and 

causes vascular inflammation by promoting inflammatory monocytes differentiation and 

infiltration.5–7, 9, 10, 27 The contribution of endothelial inflammation to vascular diseases in 

HHcy is unknown. In this study, we investigated the effect of Hcy on PCD. Our study 

support the hypothesis that Hcy is as an endogenous metabolic stress stimuli and is able to 

activate inflammatory pyroptosis and non-inflammatory apoptosis in ECs.

METHODS

(Details in Supplement Methods).

Mouse model

All mice are in C57B/L6 background. hCBC/Cbs−/− mice were used as an HHcy mouse 

model.9 Caspase-1 and NLRP3 deficient mice (Casp-1−/−, NLRP3−/−) were provided by Dr. 

Richard Flavell (Yale University School of Medicine).

Hcy plasma level measurement

Plasma Hcy level was analyzed by LC-ESI-MS/MS.11

Cell culture

HUVEC28 and mouse endothelial cell were used.8

Cell viability was determined by crystal violet staining.26

Immunostaining and Immunoblot

Mouse aorta was collected for cryostat sections (immunostaining) or West Blotting.29

Co-Immunoprecipitation

HUVEC extracts were used for co-immunoprecipitation.30

Mitochondrial potential measurement

Mitochondrial membrane potential (Δψm) was assessed by JC-1 staining31 and cytochrome-

c releasing.32

Pyroptosis/apoptosis, and ROS levels

Flow cytometry (FCM) was utilized to detect pyroptosis/apoptosis by Annexin V/PI/7-AAD 

staining and intracellular reactive oxygen species (ROS) by Dihydroethidium (DHE) 

staining.

Caspase activity was assayed with APO LOGIX kit (Cell Technology).33
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Rescue efficacy score of caspase inhibitors

Cells was pretreated by caspase inhibitors 2hr prior to Hcy/LPS treatment. Rescue efficacy 

score were calculated.

Vascular relaxation responses was determined as described previously.8, 28, 34

RESULTS

Pyroptosis cells exhibited low levels of caspase-9 activation and were Annexin V

We featured PCD by using Annexin V and 7-amino-actinomycin (7AAD) staining and 

justified with caspase-1/-9 activity staining (Fig. 1A). Necrosis were excluded from intact 

cells based on small size (FSC) and minimal DNA florescence, which justify debris and 

residuals of necrotic cells (Fig. 1A, online Figure II).36 Annexin V labels phophatidylserine, 

an internal membrane component flipped to the external membrane at early stage of 

apoptosis (Q2) while cell membrane integrity maintained as 7AAD or propidium iodide (PI, 

equivalent to 7AAD) negative. In the later stage of apoptosis (Q3), apoptotic cells loss cell 

membrane integrity and are stained for 7AAD or PI, as it enters through un-intact plasma 

membranes to nuclear and binds to double stranded DNA. We found that caspase-9 

activation, an established marker for apoptosis and core component of apoptosome,37 was 

significantly higher in Q2 in control and H2O2 treated cells (531% and 557%), further 

increased in Q3 (1090% and 1116%), but much lower in Q4 (191% and 237%). However, 

caspase-1 activation, an essential feature for pyroptosis and also observed in apoptosis,38 

was high in Q4, Q3 and Q2 (Q4=426% and 662%, Q3=693% and 864%, and Q2=306% and 

369% in control and H2O2 treated cells). Based on the differential levels of caspase-9 

activation, we defined the Q4 cells as pyroptosis (low caspase-9 activity), and the Q2 and Q3 

cells (high caspase-9 activity) apoptosis. Our data support the notion that caspase-1 

activation is a common feature of PCD (pyroptosis and apoptosis), and that high levels of 

caspase-9 activation is a distinguished functional marker of pyroptosis. The Q4 pyroptosis 

cells are Annexin V− with phophatidylserine preserved at the internal membrane.

Hcy- and/or LPS- induced pyroptosis and apoptosis in EC

We found that Hcy (250, 500 and 750 µM) reduced cell viability to 83%, 57% and 39% dose 

sensitively in HUVEC. Cysteine, a sulfhydryl (thiol) amino acid control, had no such effect 

(Fig. 1B, online Figure III). Lipopolysaccharide (LPS), a pro-inflammatory endotoxin 

reported to induce endothelial inflammation and cell death,35 is less potent and reduced cell 

viability to 92% and 83% at the concentration of 1 and 10 µg/ml. The addition of LPS 

worsened Hcy cytotoxicity. The combination of Hcy (500 µM) and LPS (10 µg/ml) 

synergistically reduced cell viability to 36% compared to their individual effect (57% and 

88%) (Fig. 1B).

Using our novel getting strategy, we observed that Hcy (100, 250, and 500µM) induced 

pyroptosis/apoptosis dose sensitively in HUVEC. 500 µM Hcy induced pyroptosis from 

3.7% to 8.8% (238%), and apoptosis cell population from 10.8% to 23.9% (222%) (Fig. 1C, 

dot plots shown in online Figure IV). Higher dose of Hcy (750µM) further increased 

apoptosis to 48.9% (454%), but had less effect on pyroptosis compared with 500µM Hcy. 
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We used the dosage of 500 µM Hcy and 10 µg/ml LPS for the following mechanistic study 

as this combination caused synergistic suppressive effect on cell viability (Fig. 1B). Hcy 

induced pyroptosis/apoptosis to 194%/207%. LPS slightly induced pyroptosis/apoptosis to 

141%/130%. Hcy+LPS further increased pyroptosis/apoptosis to 270%/230%. H2O2 (500 

µM), as a positive control, induced pyroptosis (463%) and apoptosis (300%) (Fig. 1C).

We also examined DNA fragmentation, a common feature of late stage of pyroptosis and 

apoptosis, with TUNEL assay.39 DNA fragmentation was increased to 311% by Hcy, to 

162% by LPS and to 476% by Hcy+LPS (Fig. 1D, images shown in online Figure V).

Hcy/LPS induced caspase-1 activation prior to caspase-8/9/3 activations in EC

Pyroptosis and apoptosis are both potentially dependent on caspases activation.15, 38 We 

examined the individual and combinatory effect of Hcy and/or LPS on caspase-1/8/9/3 

activation by using three alternative approaches, fluorimeter and flow cytometry using FAM-

peptide-FMK staining, and immunoblotting using antibody recognizing cleaved caspase-1.

We modeled caspase activation using caspase-1 as an example. Pro-caspase-1 protein 

zymogen has 404 amino acid (45KD), and can be cleaved to generate a P20 and a P10 

subunits, which form a hetero-tetrameric active enzymatic center (Fig. 2E).40 Caspase 

activity can be detected either by using a FAM-peptide-FMK probe (Fig. 2B/2D/2E) or by 

domain recognizing antibodies (Fig. 2C). The peptide binds to active center of caspase. The 

fluoromethyl ketone (FMK) moiety interacts with the cysteine located in the active center. 

The carboxyfluorescein (FAM) labels peptide-FMK and irreversibly generates green 

fluorescence (images shown in online Figure VI).40 We found Hcy+LPS induced caspase-1 

activation at 2hr of the treatment and persisted till 24hr of treatment. Caspase-8 and -9 

activation appeared at 6hr and peaked at 12hr. Caspase-3 activation started at 12hr and 

further increased at 24hr (Fig. 2A). Early and long lasting caspase-1 activation was 

confirmed by immunoblotting analysis (Fig. 2D). Hcy, LPS and Hcy+LPS increased the 

cleaved/activated caspase-1 to 211%, 123% and 258% at 2hr, and to 222%, 125% and 289% 

at 24hr of treatment (Fig. 2D). Alternatively, by using flow cytometry with FAM-peptide-

FMK staining, we confirmed caspase-1 activation in identical condition to similar extend 

(Fig. 2B). Hcy induced caspase-1 activation in 13.6% of EC (a 151% induction) compared to 

9.1% (100%) in the control. LPS induced caspase-1 activation to 10.1% (113%) and Hcy

+LPS to 16.6% of EC (185%) by 2hr. At 24hr treatment, caspase-1 activation was further 

increased to 18.3% by Hcy (202%), to 13.3% of EC (147%) by LPS and to 23.4% (259%) 

by Hcy+LPS (Fig. 2B). Hcy, LPS, and Hcy+LPS induced caspase-8 activation to 18.8%, 

23.1% and 32.2% compared to 9.5% in the control. Caspase-9 activation was increased to 

24.3%, 18.2% and 28.7% of EC compared to 14.6% in the control. Caspase-3 activation was 

increased to 15.1%, 10.5% and 19.5% of EC compared to 8.3% in the control (Fig. 2C).In 

addition, we observed that Hcy and H2O2 induced caspase-1 activation in a dose sensitively 

manner (online Figure VII).
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Caspase-1 mediates Hcy/LPS- induced pyroptosis/apoptosis and the downstream 
caspase-9 and -3 activation in EC

To define the role of each caspase on Hcy-induced pyroptosis/apoptosis, we tested the effect 

of caspase inhibitors on preventing Hcy-induced cell death. As shown in Fig. 3A & B, 

caspase-1 inhibitor decreased Hcy-induced pyroptosis from 178% to 123% and apoptosis 

from 242% to 168%, and Hcy+LPS-induced pyroptosis from 245% to 144% and apoptosis 

from 326% to 209%. Caspase-9 inhibitor rescued Hcy-induced pyroptosis from 178% to 

119% and apoptosis from 242% to 144%, and reduced Hcy+LPS-induced pyroptosis from 

245% to 140% and apoptosis from 326% to 189%. Caspase-3 inhibitor reversed Hcy-

induced pyroptosis from 178% to 116% and apoptosis from 242% to 141%, and Hcy+LPS-

induced pyroptosis from 245% to 123% and apoptosis from 326% to 160%. A broad 

spectrum inhibitor almost eliminated Hcy- and/or LPS-induced pyprotosis/apoptosis. It 

decreased Hcy-induced pyroptosis from 178% to 113% and apoptosis from 242% to 127%, 

and Hcy+LPS-induced pyroptosis from 245% to 119% and apoptosis from 326% to 135%. 

Notably, caspase-8 inhibitor has much less or no effect on Hcy-, LPS- or Hcy+LPS-induced 

pyroptosis/apoptosis.

We established a parameter of rescue efficacy (RE) to quantitatively address the capacity of 

inhibitor on rescuing pyroptosis/apoptosis (Fig. 3C). The RE of broad spectrum inhibitor on 

Hcy-, LPS-, and LPS-induced pyroptosis/apoptosis are 83.9%/80.1%, 127.3%/87.2%, and 

86.9%/84.5%, respectively. Caspases-1, -9, and -3 inhibitors are less potent but still 

effectively prevented Hcy-, LPS-, and LPS-induced pyroptosis/apoptosis (RE: 70.5%/52.1%, 

75.6%/62.7%, and 79.2%/71.1% for Hcy-induced pyroptosis/apoptosis, 77.3%/46.2%, 

118.2%/-12.8%, and 86.4%/49.2% for LPS-induced pyroptosis/apoptosis, and 69.7%/51.8%, 

72.4%/60.5%, and 84.1%/73.5% for Hcy+LPS-induced pyroptosis/apoptosis). Caspase-8 

had minimal RE, ranging from 10.3%/28.2% to 15.9%/37.69%, for Hcy and Hcy+LPS 

induced pyroptosis/apoptosis.

To further confirm that caspase-1 activation is at the upstream of caspase cascade, we tested 

the effect of caspase-1 inhibitor on Hcy and Hcy+LPS-induced caspase activation (Fig. 3D). 

Caspase-1 inhibitor suppressed Hcy-, LPS-, and Hcy+LPS-induced caspase-9 activation 

from 203%/140%/248% to 144%/127%/179%, caspase-3 activation from 244%/141%/282% 

to 168%/126%/192%, and had no effect on casapse-8 activation (243%/185%/343% to 

229%/173%/301%).

Hcy/LPS induces inflammasome assembly, leading to caspase-1 activation, and IL-1β 
cleavage in EC

To assess whether Hcy/LPS induce inflammasome assembling and caspase-1 activation, we 

characterized caspase-1 complex by co-immunoprecipitation. Inflammasome is a protein 

complex containing pro-caspase-1 which binds to ASC, which binds to Nucleotide-binding 

oligomerization domain, and Leucine rich Repeat and Pyrin domain containing Protein 3 

(NLRP3) to form a protein complex (≥205kDa) (Fig. 4A).21 As described in Fig. 2E, 

inflammasome performs autocatalytic function to cleave pro-caspase-1 into an 11 kDa pro-

domain (aa 1-103), a 20 kDa (p20) and a 10 kDa (p10) subunits. Hcy, but not LPS, increased 

a 205 kDa caspase-1 protein complex/inflammasome (234% induction), and a 20 kDa 
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activated caspase-1 (296% induction) in caspase-1 complex. LPS potentiated Hcy effects on 

inflammasome assembling and caspase-1 activation as that was increased to 234% and 

323% (Fig. 4B). Hcy, LPS and Hcy+LPS increased NLRP3 content in caspase-1 complex to 

533%, 288% and 844% (Fig. 4B). It is known that activated caspase-1 cleaves precursor 

IL-1β (37kDa) and produce an activated IL-1β (17kDa). We assessed IL-1β cleavage and 

found that precursor IL-1β was reduced to 55% by Hcy treatment, which was further 

potentiated by LPS treatment to 46%, while activated IL-1β was increased to 324% by Hcy 

and 473% by LPS. Caspase-1 inhibitor largely reversed Hcy and Hcy+LPS induced IL-1β 

activation from 324% and 473% to 147% and 164% (Fig. 4C).

Antioxidants prevents Hcy/LPS-induced pyroptosis/apoptosis and caspase-1 activation in 
EC

It was suggested that caspase-1 can be activated by danger signals including intracellular 

reactive oxygen species (ROS),18, 41 We examine the role of ROS in inducing Hcy-induced 

PCD by the combination of two antioxidants, adenoviral transduced ec-SOD (online Figure 

IX) and PEG-catalase. Pretreatment of antioxidants reversed Hcy-induced pyroptosis from 

191% to 114%, LPS pyroptosis from 128% to 100%, and Hcy+LPS pyroptosis from 246% 

to 140%. Antioxidants inhibited Hcy-induced apoptosis from 300% to 186%, LPS apoptosis 

from 175% to 104%, and Hcy+LPS apoptosis from 391% to 227% (Fig. 5A). Similarly, 

antioxidants reversed Hcy-induced caspase-1 activation from 214% to 158%, LPS-induced 

that from 137% to 119%, and Hcy+LPS-induced that from 286% to 179% (Fig. 5B). The 

role of ROS in caspase-1 activation was further validated by using H2O2, which induced 

cells with activated caspase-1 from 9.7% (100%) to 34.7% (358%). H2O2-induced caspase-1 

activation was reversed by caspase-1 inhibitor from 34.7% to 18.1% (193%). Cathepsin B 

inhibitor had no effect on H2O2-induced caspase-1 activation (Fig. 5C).

Intracellular ROS levels determines Hcy/LPS-induced death destiny in ECs

To define the association between the intracellular ROS levels and Hcy- and LPS-induced 

pyroptosis/apoptosis, we quantified intracellular superoxide and cell death markers by triple 

staining using flow cytometric analysis (histogram and dot plots shown in online Figure 

VIII). As shown in Fig. 6A, Hcy increased ROS+ cells from 4.8% in the control to 15.8% 

(329%). LPS induced it to 9.4% (195%). Hcy+LPS induced it to 18.1% (376%). ROS+/

Apoptotic cells with elevated superoxide production (DHE+/Annexin-V+) was increased by 

Hcy from 2.7% to 13.7% (509%), by LPS to 6.5% (241%), and by Hcy+LPS to 16.3% 

(605%). ROS+/Pyroptotic cells (DHE+/7-AAD+) was increased by Hcy from 3.1% to 11.4% 

(363%), by LPS to 6.1% (194%), by Hcy+LPS to 13.3% (422%), and by H2O2 to 15.1% 

(481%).

We further evaluated ROS levels by measuring mean fluorescence intensity (MFI) of DHE 

staining. We found that ROS levels were unchanged in viable cells in all 4 groups (MFI 19–

20), increased to 79/83/84/82 MFI in pyroptosis in the control/Hcy/LPS/Hcy+LPS groups, 

and raised to 91/136/114/138 in apoptosis (Fig. 6B). Hcy and LPS did not further elevated 

ROS levels in pyroptotic population, but increased it in apoptosis from 91 MFI in the control 

group to 136/114/138 in Hcy/LPS/Hcy+LPS groups. Combining all treatment groups, 
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apoptotic cells had the highest ROS levels (120 MFI), compared with 82 in pyroptotic, and 

20 in viable populations.

Next, we divided cells into four ROS gradient groups (G1, G2, G3, and G4), and determined 

their pyroptosis/apoptosis occupation. As shown in Fig. 6C, G1 cells had very low events of 

pyroptosis/apoptosis (0.7%/2.9% in the control) and were not changed by all treatments. G2 

cells had increased pyroptosis (2.5% in control, 303% of that in G1 of all treatments), no 

changes in apoptosis. G3 cells had the highest pyroptosis population (1362% of that in G1 of 

all treatment) and increased apoptosis (1050% of that in G1 of all treatment). Hcy and Hcy

+LPS induced G3 pyroptosis from 6.2% in the control to 13.1% and 18.0% (1809% and 

2475% induction) and G3 apoptosis from 25.4% to 43.4% and 42.3% (1482% and 1445%). 

G4 cells were predominantly apoptotic (73.7% in the control, 2097% in all treatments). Hcy 

and Hcy+LPS induced G4 apoptosis from 58.7% in the control to 81.8% and 84.1% (2790% 

and 2868%). G4 pyroptosis cells (5.1%) were reduced from G3 (11.4%), but still higher than 

that in G1 and G2 (0.8% and 2.5%). Hcy and Hcy+LPS induced G4 pyroptosis to 5.4% and 

5.3% (877% and 743%).

Hcy induces mitochondrial membrane potential (Δψm) collapse and cytochrome-c release, 
and increases Bax/Bcl-2 Ratio via oxidative stress, caspase-1 activation in ECs

Δψm defines mitochondrial function because Δψm collapse regulates the cell life/death 

transition, and is the earliest and irreversible events in both pyroptotic and apoptotic 

processes.42 We examined Δψm by JC-1 immunochemistry staining (images shown in online 

Figure X) and by flow cytometry. Δψm collapse cells are shown in green staining (online 

Figure X) in gate i (Fig. 7A). Hcy/Hcy+LPS induced Δψm collapse by 193%/253%, which 

was reduced to 129%/167% and 142%/176% by antioxidants and caspase-1 inhibitor, 

respectively (Fig. 7A).

Cytochrome-c release from mitochondrial to cytosol reflects mitochondrial dysfunction and 

is the key process for PCD initiation. We found that Hcy/LPS/Hcy+LPS increased 

cytochrome-c release index by 879%/238%/1183% (Fig. 7B), which were rescued by 

antioxidants to 120%/113%/137% in each group. Similarly, caspase-1 inhibitor rescued 

cytochrome-c release to 201%, 111% and 279%, respectively.

Bax/Bcl-2 ratio is considered as an indicator of mitochondrion-dependent cell death and an 

upstream event of mitochondrail dysfunction.43 We found that Hcy/LPS/Hcy+LPS increased 

Bax/Bcl-2 ratio by 298%/158%/436%, respectively (Fig. 7C). Antioxidants reduced Bax/

Bcl-2 ratio to 145%/99%/160%. Similarly, caspase-1 inhibitor rescued Bax/Bcl-2 ratio to 

186%/106%/245%, respectively.

HHcy induces endothelial caspas-1, aortic caspase-1/9 activation and Bax/Bcl-2 ratio in 
Cbs−/− mice

We characterized HHcy related caspase-1 and cell death signaling in the aorta of Cbs−/− 

mice (plasma Hcy 129µM) (Fig. 8A). Caspase-1 activity was increased by 317% in lung ECs 

(MLECs) from Cbs−/− mice (Fig. 8B). Caspase-1 expression was detected in the aorta, co-

localized with EC maker CD31 and elevated by 234% in Cbs−/− mice by aortic cross section 

immunohistochemical staining (Fig. 8C). HHcy increased activated and pro-caspase-1 by 

Xi et al. Page 8

Circ Res. Author manuscript; available in PMC 2017 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



262% and 149%, and activated/pro-caspase-1 179%, induced activated caspase-9 and 

activated/pro-caspase-9 by 300% and 254%, augmented the pro-apoptotic protein-Bax by 

130%, reduced anti-apoptotic protein-Bcl-2 to 39%, and increased Bax/Bcl-2 ratio, an 

indicator of cell death, by 332% in the aorta of Cbs−/− mice (Fig. 8D). These results is 

consistent with our observation in HUVECs (Fig. 2/3/7) and support the notion that HHcy 

induces endothelial caspase-1/9 activation which contributes to increased cell death.

Caspase-1 deficiency prevents Hcy-induced cell death in Caspase-1−/− MAECs

We examined the role of caspase-1 in Hcy-induced PCD by TUNEL assay, a terminal and 

definitive feature shared by late stage apoptosis and caspase-1 dependent pyroptosis.44 Hcy 

increased TUNEL+ cells by 528% in MAECs from control mice, which was attenuated to 

201% in Casp1−/− MAECs (RE: 76.4%, Fig. 8E). This data confirmed that caspase-1 

mediated HHcy induced cell death in EC.

Caspase-1 and NLRP3 deficiency largely rescued HHcy-impaired endothelial dependent 
vessel relaxation in mouse aorta

Consistent with our previous findings,8, 28, 34 HHcy impaired endothelium-dependent 

vascular relaxation response to Ach, also termed as endothelial function, in the aorta of 

Cbs−/− and wild type mice treated with Hcy (500µM, 48Hr) from 95% and 91% to 59% and 

35% (Fig. 8F & 8G). HHcy-impaired endothelial function was recovered from 59% and 35% 

to 78% and 63% in aorta from Casp1−/−/Cbs−/− mice and in NLRP3−/− aorta treated with 

Hcy.

DISCUSSION

We and others reported that HHcy inhibits EC growth and endothelial apoptosis,4,6,45 

leading to impaired post-injury endothelial repair,4–7 and endothelial dysfunction.8, 28 We 

also demonstrated that HHcy promoted systemic and vessel wall inflammation by inducing 

inflammatory monocyte differentiation.9–11 This manuscript, for the first time, describes 

Hcy-induced endothelial pyroptosis, an inflammatory cell death form, and the role of 

inflammasome activation in HHcy-induced cell death and endothelial dysfunction.

We proposed a novel gating method and defined pyroptotic cells as PI+/Annexin V− cells 

(Q4, Fig. 1A), which is justified by caspase activities. It was long-recognized that all 

Annexin V+ cells are apoptosis. Recent studies considered Annexin V+/PI+ cells as 

pyropotosis,46–48 which overlaps with the previous apoptosis gating. Our novel strategy 

excludes Annexin V+/PI+ cells (Q3, Fig. 1A/1C) from pyroptosis population and considered 

all Annexin V+ cells, including Annexin V+/PI+ cells (Q3) and Annexin V+/PI− cells (Q2), 

as apoptosis based on their common feature of high levels of caspase-9 activation, an 

established marker for apoptosis and core component of apoptosome.37 We consider 

caspase-1 activation as a characteristic for both pyroptosis and apoptosis. Our study is the 

first to characterize PCD by using functional assessment, caspase activities, in addition to 

the traditional chemical AV/PI paired staining.

We found that Hcy induced pyroptosis and apoptosis in a dose dependent manner and had 

synergistic effect with proinflammatory endotoxin-LPS. This finding is supported by 
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increased DNA fragmentation, a feature for both pyroptosis and apoptosis.39 We report, for 

the first time, that Hcy induces pyroptosis/apoptosis in EC. We believe that Hcy-induced 

endothelial apoptosis is related with impaired vascular repair and that Hcy-induced 

endothelial pyroptosis contributes to vascular inflammation. The synergistic effect of Hcy 

and LPS on EC PCD and inflammsome activation suggests that HHcy-induced vascular 

inflammation can be exacerbated by proinflammatory endotoxin-LPS, a condition caused by 

bacterial infection and high-fat diet-induced microbiota changes.49

Considering that apoptosis is featured by caspase-3/9 activation17,19,37 and that pyroptosis is 

marked by inflammasome formation and requires caspase-1 activation,39 we characterized 

the caspase cascade and found that Hcy, LPS, and the combination of both activated 

caspase-1, -8, -9 and -3 in a sequential order. We found that caspase-1 activation is the 

earliest event with higher hierarchy in caspase cascade in EC (Fig. 2). These results suggest 

that caspase-1 activation maybe primarily responsible for Hcy-induced pyroptosis/apoptosis 

in ECs.

Our data supported the conclusion that caspase-3 activation is a key downstream event for 

Hcy/LPS-induced pyroptosis/apoptosis because that caspase-3 inhibitor largely reversed 

Hcy/LPS-induced pyroptosis and apoptosis by 79%/86% and 71%/46% (Fig. 3C). 

Caspases-9 inhibitor prevented Hcy-induced pyroptosis/apoptosis (RE 75/62%) and LPS-

induced pyroptosis (RE 118%) but not LPS-induced apoptosis (RE 12.8%). Caspase-1 

inhibitor largely reversed Hcy-induced caspases-9/3 activation (RE 57/53%), pyroptosis (RE 

70%) and apoptosis (RE 52%, Fig. 3C). We conclude that caspase-1 activation is at the top 

of caspase cascade and mostly responsible for caspases-9/3 activation and pyroptosis/

apoptosis. The partial rescue effect of caspase-1 inhibitor maybe related with its incomplete 

suppression on caspase-1 activity (RE 59%-63%, Fig. 3D). It is possible that caspases-9/3 

activation partially via a caspase-1 independent pathway. Further, we found that Hcy-caspase 

activation, predominantly leads to pyroptosis, and, to a lesser extent, contributes to apoptosis 

in ECs.

We provided evidence showing that Hcy/LPS increased the formation of inflammasome 

complex and increased content of pro-/activated-caspase-1 and NLRP3, which binds to 

caspase-1 via an adaptor protein ASC (Fig. 4 A/B).21 We found that caspase-1 inhibitor 

largely reversed Hcy/LPS-induced IL-1β cleavage/activation (Fig. 4C). Our data indicates 

that Hcy and/or LPS promote inflammasome assembly and caspase-1 activation which is 

responsible for IL-1β activation and endothelial inflammation.

Consistent with the notion that increased ROS mediate pyroptosis and apoptosis,41,50 we 

demonstrated that Hcy/LPS increased ROS levels in pyroptotic/apoptotic cells (Fig. 6A). 

Antioxidants largely reversed Hcy-induced pyroptosis/apoptosis (RE 85/98%) and caspase-1 

activation (RE 49%) (Fig. 5), suggesting that other redox pathway may play partial role in 

Hcy-induced pyroptosis/apoptosis. Importantly, we found that apoptotic cells had the highest 

ROS levels (120 MFI) and the pyroptotic cells had relative lower ROS (82 MFI) compared 

to 20 MFI in viable cells (Fig. 6B). We demonstrated here, for the first time, that 

intracellular oxidative gradient determines cell death destiny in ECs. Pyroptotic cells are 

featured as PI+/Annexin V−, highly dependent on caspase-1 activation and have moderate 
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intracellular oxidative gradient. In contrast, apoptotic cells are marked as Annexin V+, 

moderately dependent on caspase-1 activation and have high intracellular oxdative gradient. 

Interestingly, Hcy predominantly induces pyroptosis with intermediate ROS levels. Whereas, 

LPS is more potent to induce apoptosis with high ROS levels. Our data indicates that HHcy 

preferentially induces endothelial inflammation which might be a major mechanism 

underlying HHcy-related vascular diseases.

It is agreed that mitochondrial dysfunction and Δψm collapse are the major causes involved 

in the mechanism of caspase-9/3 responsive cell death.51 We demonstrated that Hcy induces 

Δψm collapse and cytochrome-c release, and increases Bax/Bcl-2 ratio via oxidative stress, 

caspase-1 activation in ECs (Fig. 6C). It is possible that Hcy-induced intracellular oxidative 

gradient change is resulted from mitochondrial ROS leakage due to membrane 

permeabilization and Δψm collapse,52 leading to cytochrome-c release. We also confirmed 

the role of caspase-1 activation in controlling mitochondrial dysfunction and Δψm collapse, 

since caspase-1 inhibitor reversed Hcy/LPS-induced cytochrome-c release and Δψm collapse 

(Fig.7 B/C). We assume that Hcy/LPS cause mitochondrial damage via Bcl-2 suppression 

and Bax induction as that caspase-1 inhibitor reversed Hcy/LPS-induced Bax/Bcl-2 ratio 

(Fig. 7D). It is known that anti-apoptotic protein Bcl-2 inhibits apoptosis via binding to Bax 

and sequester it from its role governing mitochondrial permeability and Δψm collapse. We 

suspect that caspase-1 may cleaves Bid, a Bcl-2 family protein containing domain of 

homology (BH)-3, to form truncated Bid (tBid), which binds to Bcl-2,53, 54 leading to Bax 

activation and apoptosis.

We validated HHcy-induced caspase-1 activation in EC from HHcy mice (hCBS/Cbs−/−, Fig. 

8A/C) and confirmed caspase-1/-9 activation and Bax/Bcl-2 induction in HHcy mouse aorta 

(Fig. 8B). We also found that caspase-1−/− MAEC prevented Hcy-induced DNA 

fragmentation (Fig. 8E) with a similar rescue efficacy of caspase-1 inhibitor on Hcy-induced 

pyroptosis/apoptosis (RE 76.4% vs 70/52%). This could be partially explained by potential 

limited sensitivity of TUNEL staining on pyroptosis. Notably, gene deficiency of 

inflammasome components in mouse model (caspase-1−/−, NLRP3−/−) prevented HHcy or 

Hcy induced endothelial dysfunction (Fig. 8F, 8G). Studies in hyperlipidemia mice have 

reported contradictory results for the implication of NLRP3 during the process of 

atherosclerosis.23, 55 Our study is the first to provide evidence supporting the notion that 

caspase-1 activation is the key upstream event mediating HHcy-induced EC death and 

endothelial dysfunction.

Taken together, we reported here, for the first time, that Hcy is a sterile stimuli which 

triggers the danger signal and induces pyroptosis inflammatory cell death. We characterized 

Hcy-induced caspase-1 dependent cell death signal pathway and presented a working model 

(online Figure XI). We propose that Hcy/LPS induce inflammasome assembly via ROS 

elevation, leading to caspase-1 activation and endothelial inflammation by IL-1β activation. 

Caspase-1 activation causes mitochondrial dysfunction through Bax/Bcl-2 change, leading 

to caspase-9/3 cascade activation and pyroptosis and apoptosis in EC.

We propose two major conclusions. Firstly, HHcy is an endogenous metabolic stress stimuli 

and able to activate inflammatory pyroptosis and non-inflammatory apoptosis in EC, both 
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mediated by the signaling of caspase-1 activation/mitochondrial dysfunction/caspase-9/3 

activation. We termed caspase-1 responsive pyroptosis/apoptosis as pyrop-apoptosis. 

Secondly, HHcy preferentially induces endothelial pyroptosis via caspase-1-dependent 

inflammasome activation, which might be a major mechanism underlying HHcy-related 

vascular inflammation and atherosclerosis.
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Nonstandard Abbreviations and Acronyms

Ach Acetylcholine

Bax Bcl-2-associated X protein

Bcl-2 B-cell lymphoma 2

Bid BH3 interacting-domain death agonist

tBid Truncated Bid

Cbs Cystathionine β-synthase

CVD Cardiovascular disease

DAMPs Danger associated molecular patterns

DHE Dihydroethidium

EC Endothelial cell

ER Endoplasmic reticulum

FAM Carboxyfluorescein

FCM Flow cytometry

FMK Fluoromethyl ketone

Hcy Homocysteine

HHcy Hyperhomocysteinemia

IP Immunoprecipitation

MFI Mean fluorescence intensity
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NLRP3 Nucleotide-binding oligomerization domain, and Leucine rich Repeat and 

Pyrin domain containing Protein 3

P20 Protein 20

PAMPs Pyroptosis responses to pathogen associated molecular patterns

PI Propidium iodide

ROS Reactive oxidative species

SNP Sodium nitroprusside

SOD Superoxide dismutase

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling

Δψm Mitochondrial potential
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Novelty and Significance

What Is Known?

• Homocysteinemia (HHcy) is an independent risk factor for cardiovascular 

disease.

• Homocysteine (Hcy)-lowering therapy prevented stroke in primary and 

secondary prevention trails.

• HHcy inhibits endothelial cells growth and impairs endothelial function and 

vascular repair.

• HHcy induces inflammatory monocyte differentiation.

What New Information Does This Article Contribute?

• Hcy acts as a sterile stimulus that triggers danger signals and induces pyroptosis 

inflammatory cell death.

• Hcy induces inflammatory pyroptotic and non-inflammatory apoptotic cell death 

by activating the caspase-1, -8, -9, -3 cascade.

• Caspase-1 triggered cell death is dependent upon Hcy/NALP3-containing 

inflammasome assembly/caspase-1 activation/IL-1β cleavage-activation/

Bax:Bcl-2 induction/mitochondrial membrane potential collapse/cytochrome c 

release/caspase9/3 activation.

• NLRP3 activation in Hcy-impaired endothelial dysfunction is mediated by 

caspase-1.

• Oxidative gradient determines cell death destiny for pyroptosis, apoptosis or 

viable cell.

In this study, we investigated the effect of Hcy on inflammatory cell death in cultured 

primary human/mouse endothelial cells, and endothelium in HHcy mice. We established 

a novel flow cytometric gating method to characterize pyrotosis cells and discovered that 

Hcy induced inflammatory pyroptotic and non-inflammatory apoptotic cell death via 

caspase-1, -8, -9, -3 cascade activation. We delineate the signaling of Hcy-induced cell 

death as Hcy/NALP3-containing inflammasome assembly/caspase-1 activation/IL-1β 

cleavage-activation/Bax:Bcl-2 induction/mitochondrial membrane potential collapse/

cytochrome c release/caspase9/3 activation. We demonstrate that oxidative gradient 

determines cell death destiny for pyroptosis, apoptosis or viable cell. Taken together, 

these observations suggest that HHcy preferentially induces EC pyroptosis and 

inflammation via caspase-1-dependent inflammasome activation.
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Figure 1. Hcy suppresses cell viability, induces pyroptosis/apoptosis in ECs. HUVECs were 
cultured to 80% confluence, synchronized (serum free, 6hr), and then switched to 0.5%FBS 
medium containing L-Hcy, L-Cys, LPS, and H2O2 (500µM) for 24hr as indicated
A, Pyroptosis and apoptosis gating (FCM, AV/7AAD/Casp staining). Cells were treated and 

stained by AnnexinV-Pacific Blue and 7AAD, and Casp1/9 activity kit for FCM analysis 

(dot plot shown in online Figure II). Necrotic cells were excluded from intact cells by their 

content of nuclear debris. Casp9 activity was used as a marker of apoptosis. Q2+Q3 cells 

were define as apoptosis. Q4 was defined as pyroptosis. B, Cell viability. Cells in 96-well 

plate were fixed, stained by crystal violet for cell viability. C, Hcy/LPS induced Pyroptosis/
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apoptosis (dot plot shown in online Figure IV). Cell death forms were identified by FCM 

using Annexin V-FITC/PI staining (dot plot shown in online Figure II). D, DNA 

fragmentation. DNA fragmentation was determined by TUNEL staining (images shown in 

online Figure V). Data are representative of 4 separated experiments and presented as Mean

±SEM. Value on the top of bars are normalized by the mean of the control or Q1. *, P<0.05 

vs control; #, P<0.05 vs LPS alone in same group; $, P<0.05 vs same dose of Hcy alone; 

Syn is synergy effect. £, p<0.05. §, p<0.05 vs Q4. FCM, flow cytometry.
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Figure 2. Hcy activates endothelial casp1 prior to casp8,9,3 activations in the presence/absence of 
LPS
HUVECs were cultured and treated with L-Hcy (500µM) and/or LPS (10 µg/mL) as 

described in Fig. 1. Casp1,8,9,3 activities were measured by using a manufacture’s kit and 

Western Blotting respectively. Caspase activated cells were FAM positive and labeled by 

green fluorescence (images shown in online Figure VI). A, Casps Activity (24hr). 
Casp1,8,9,3 activities were detected by fluorescence spectrometry through a 0~24hr time-

course. See supplement Table 1 for values and statistical analysis. B, Casp1 activity (FCM, 

2 & 24Hr). Casp1 activity was examined after 2hr and 24hr treatment by FCM. C, 
Casp8,9,3 activities (FCM, 24 Hr). Casp8,9,3 activities were detected by FCM. D, Casp1 
protein and activity. A 20kDa cleavage fragment indicated activated Casp1 and detected by 

Xi et al. Page 20

Circ Res. Author manuscript; available in PMC 2017 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



WB, after 2hr and 24hr L-Hcy incubation, with or without LPS presence. E, Schematic 
sketch show casp1 activation and detection by WB, Fluorometer or FCM. *, p<0.05 vs 

control; £, p<0.05 vs L-Hcy treatment alone. In A, ‡, p<0.05 vs Casp1 activity at 0hr; ‖, 

p<0.05 vs Casp8 activity at 0hr; ╫, p<0.05 vs Casp9 activity at 0hr; §, p<0.05 vs Casp3 

activity at 0hr. Values are Mean±SEM; n=4.
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Figure 3. Caspase-1 mediates Hcy induced pyroptosis/apoptosis and casp9/3 activities in 
presence/absence of LPS
HUVEC was pretreated by indicated caspase inhibitors for 30m, and then treated with L-

Hcy (500µM) and/or LPS (10 µg/mL) for additional 24hr as described in Fig. 1. Cell death 

forms and caspase activities were determined as described in Fig. 1/2. A, Pyroptosis/
apoptosis population (caspase inhibition test). Representative dot plots of Annexing V-

FITC/PI staining. R1 was considered as pyroptosis, and R2 as apoptosis. B, Quantification. 
C, Rescue efficacy on Hcy/LPS-induced pyroptosis/apoptosis (RE=A/B × 100%). Rescue 
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efficacy (RE) for each inhibitor was calculated for their inhibitory capacity to pyrotosis/

apoptosis. D, Caspase activities (Casp1 inhibitor). Cells were pretreated with casp1 

inhibitor and assayed for casp1,8,9,3 activities by FCM. Numbers above each bar is the 

percentage normalized by the mean of control. #, P<0.05 vs vehicle with same treatment. 

Arrows indicate the direction of significant changes. Values are Mean±SEM; n=4. RE, 

rescue efficacy.
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Figure 4. Hcy induces inflammasome assembly, leading to casp1 activation, and IL-1β cleavage in 
the presence/absence of LPS
Celle were treated with L-Hcy (500µM)/LPS (10 µg/mL) as described in Fig. 1. Precursor 

and substrate of casp1, component of inflammasome and IL-1β were detected by IP and 

WB, respectively. A, Schematic sketch for Inflammasome complex assembly and 
cleavage. B, Inflammasome complex analysis. After Hcy/LPS treatment, cell lysate was 

used for IP and WB. C, IL-1β expression and activation. Cells were pretreated with Casp1 

inhibitor for 30m prior to Hcy/LPS treatment. Protein levels were normalized by β-actin 

density. Numbers above on each bar is the percentage normalized by the mean of control. 

Arrows indicate the direction of significant changes. *, p < 0.05 vs control in same group; £, 

p < 0.05 vs Hcy treatment in same group; #, p < 0.05 vs same treatment in vehicle. LRRs: 

leucine-rich repeat; NACHT, acronym standing for NAIP (neuronal apoptosis inhibitor 

protein); PYD, pyrin domain; CARD, caspase activation and recruitment domain; P20, 

protein 20; P10, protein 10; Act-IL-1β, activated interleukin-1β. Values are Mean±SEM; 

n=4.
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Figure 5. Hcy derived ROS trigger endothelial casp1 activation
HUVECs were cultured in 6cm dishes as in Fig.1. A&B, Cells were transduced by 

adenoviral ec-SOD (1 MOI) for 48hr, treated with PEG-catalase (25mg/mL) for 30m with 

refreshed medium, and then with L-Hcy (500µM) and/or LPS (10 µg/mL) for additional 

24hr before subjected for cell death and casp1 activity analysis. A, Pyroptosis/apoptosis 
(anti-oxidants rescue, FCM). B, Casp1 activity (anti-oxidants rescue, FCM). C, H2O2 

on Casp1 activity (casp1 inhibition rescue, FCM). Cells were pretreated with casp1 

inhibitor or inhibitor of cathepsin B (a lysosomal cysteine protease) for 30m, and then 
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treated with H2O2 (500 µM) for additional 24 hours before subjected for casp1 activity 

analysis. Numbers above on each bar is the percentage normalized by the mean of control. 

Data are representative of 4 separated experiments and presented as Mean±SEM. #, P<0.05 

vs vehicle in A, B; *, P<0.05 vs non-treatment control; †, P<0.05 vs H2O2 treatment alone in 

C. Arrows indicate the direction of significant changes. Values are Mean±SEM; n=4.
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Figure 6. Hcy/LPS-induced intracellular ROS levels determines cell destiny (pyroptosis/
apoptosis/viable cell) in ECs
HUVECs were cultured and treated with L-Hcy (500µM), LPS (10 µg/mL) or H2O2 

(500µM) for 24hr as described in Fig. 1. Triple staining was applied to detect intracellular 

ROS (DHE) and apoptosis/pyroptosis simultaneously (Annexin-V-FITC and 7-AAD). A, 
ROS+/apoptosis and ROS+/pyroptosis cells (FCM). The ROS+/apoptosis and ROS+/

pyroptosis cells were defined and quantified (dot blot and histogram shown in online Figure 

VIII). B, ROS level quantification in viable, pyroptotic, apoptotic cell population. ROS 
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level was quantified by mean fluorescence intensity (MFI) of DHE in apoptotic (Annexin 

V+), pyroptotic (7-AAD+/Annexin V−), and viable (7-AAD−/Annexin V−) cells. C, ROS 
gradient and apoptosis/pyroptosis. Four regions of ROS level (low, intermediate, high, and 

extreme high) were defined by their DHE fluorescence intensities. Apoptosis/pyroptosis was 

quantified in each region. Numbers above each bar is the percentage normalized by the mean 

of control. *, p < 0.05 vs control in same group or same ROS gradient; #, p < 0.05 vs Hcy in 

same group or same ROS gradient; †, p < 0.05 vs same treatment in pyroptosis; $, p < 0.05 

vs same treatment in viable cells; ‖, p < 0.05 vs same treatment in G1; ‡, p < 0.05 vs same 

treatment in G2; £, p < 0.05 vs same treatment in G3.) Values are Mean±SEM; n=4.
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Figure 7. Hcy induces Δψm collapse and cytochrome-c release, and increase Bax/Bcl-2 Ratio via 
oxidative stress, Casp1 activation in ECs
HUVECs were cultured in 6cm dish and treated with L-Hcy (500µM) and/or LPS (10 

µg/mL) as described in Fig. 1. Cells were pretreated with antioxidants-adenoviral ec-SOD 

(1MOI) (WB shown in online Figure IX) for 48hr and PEG-catalase (25mg/mL) for 30min, 

or Casp1, 9 inhibitors for 30min, prior to Hcy/LPS treatment. Mitochondrial function was 

accessed by JC-1 staining to determine Δψm. Apoptosis signaling was examined by WB for 

Bax (pro-apoptotic protein) to Bcl-2(anti-apoptotic) ratio. A, Δψm quantification (JC-1 
staining, FCM). Δψm collapse cells were quantitated as percentage in gate i. Δψm detection 

by JC-I staining by fluorescent microscope images shown in online Figure X. B, 
Cytochrome-c (WB). Cell homogenates were separated to cytosolic and mitochondrial 

fraction for cytochrome-c protein content by WB. Cytochrome-c ratio (cytosolic fraction/
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mitochondrial fraction content) was calculated to reflect its leakage from mitochondrial to 

cytosol. Coomassie blue staining and VADC-1 (mitochondrial protein) were used as loading 

controls. C, Bax/Bcl-2 (WB). Bax/Bcl-2 ratio was examined by WB. Bax/Bcl-2 ratio is used 

as apoptosis/pyroptosis index. Arrows indicate the direction of significant changes. Values 

are Mean±SEM; n=4. Numbers above each bar is the percentage normalized by the mean of 

control. *, P<0.05 vs control in same group; #, P<0.05 vs same treatment in vehicle. Δψm, 

mitochondrial potential.
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Figure 8. HHcy-induced Casp1 activation mediates EC death in MAEC and impaired 
endothelial-dependent vessel relaxation in mouse aorta
Plasma Hcy level, Casp1/9 activity, and Bax and Bcl-2 protein expression were measured in 

Cbs−/− and control mice. Vascular reactivity were determined in aorta from Casp1−/−, 

Cbs−/−, Casp1−/−/Cbs−/− and NLRP3−/− mice. A, Plasma Hcy levels in mice. Hcy levels 

were measured in plasma by LC-ESI-MS/MS. B, Casp1 activation in mouse MLECs. 

Lung ECs (CD31+, MLECs) were isolated from Cbs−/− mice and assayed for Casp1 activity 

by FCM. C, Casp1 protein levels (aorta). Mouse aortas were isolated. Aortic cross sections 
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were double-stained with antibodies against Casp1 (Red) and endothelial maker-CD31 

(Green). D, Casp1,9 activities and Bax/Bcl-2 ratio (mouse aorta). Whole aortae were 

isolated from hCBS/Cbs−/− and control mice (n=5), homogenized for WB, and quantified. 

Casp1/9 activities are expressed as Act/Pro, apoptosis index as Bax/Bcl-2 ratio. E, DNA 
fragmentation (MAEC, TUNEL). Aortic EC were isolated from Casp1−/− mice, cultured 

till 80% confluence and then treated with L-Hcy (500µM) for 24hr as described in Fig. 1. 

Cell death was examined by TUNEL staining. F, Endothelial-dependent vessel relaxation. 

Aortic rings were pre-constricted with PE (1uM) and tested for endothelial-dependent 

relaxation to cumulative addition of Ach. Vessels from NLRP3−/− mice were incubated with 

Hcy (500µM, 48Hr) prior to relaxation assessment. G. Endothelial-independent vessel 
relaxation. Aortic rings were pre-constricted (PE) and tested for endothelial-independent 

relaxation to cumulative addition of SNP. Numbers above each bar are the percentage 

normalized by the mean of control. *, P<0.05 vs control mice; #, P<0.05 vs. mouse with 

Casp1−/− or NLRP3−/− mice; †, P<0.05 vs Cbs+/+ MAEC control; ‡, P<0.05 vs Cbs+/+ 

MAEC treated with Hcy. Arrows indicate the direction of significant changes. Values are 

Mean±SEM; n=4. Ach, acetylcholine. SNP, sodium nitroprusside; PE, phenylephrine; 

MLEC, mouse lung endothelial cells.
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