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University, Barcelona, Spain (J.M., M.B.); and Department of Medicine, Mount Sinai School of 
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Abstract

Background—Stent thrombosis (ST), a postinterventional complication with a mortality rate of 

50%, has an incidence that rises precipitously in patients at risk. Chronic renal failure and end-

stage renal disease have emerged as particularly strong ST risk factors, yet the mechanism remains 

elusive. Tissue factor (TF) is a crucial mediator of injury-related thrombosis and has been 

implicated for ST. We posit that uremia modulates TF in the local vessel wall to induce 

postinterventional thrombosis in patients with end-stage renal disease.

Methods and Results—As a model of the de-endothelialized, postinterventional state, we 

exposed primary human vascular smooth muscle cells (vSMCs) pretreated with uremic serum 

(obtained from ESRD patients on hemodialysis) to coronary-like blood flow. vSMC TF 

expression, activity, stability, and posttranslational modification were examined after vSMCs were 

treated with uremic serum or solutes. We found significantly greater clot formation after uremic 

serum exposure, which was substantially reduced with the prior treatment with anti-TF 

neutralizing antibody. Uremic sera induced 2- to 3-fold higher TF expression and activity in 

vSMCs independent of diabetes mellitus. Relevant concentrations of isolated uremic solutes such 

as indole-3-acetic acid (3.5 μg/mL), indoxyl sulfate (25 μg/mL), and uric acid (80 μg/mL) 

recapitulated these effects in cell culture and the flow loop model. We show further that TF 
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undergoes ubiquitination at baseline and that uremic serum, indole-3-acetic acid, and indoxyl 

sulfate significantly prolong TF half-life by inhibiting its ubiquitination.

Conclusions—The uremic milieu is profoundly thrombogenic and upregulates vSMC TF levels 

by increasing TF stability and decreasing its ubiquitination. Together, these data demonstrate for 

the first time that the posttranslational regulation of TF in uremia may have a causative role in the 

increased ST risk observed in uremic patients. These data suggest that interventions that reduce 

vSMC TF may help to prevent ST and that uremic solutes should be considered as novel risk 

factors for ST in patients with chronic renal failure.
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Tissue factor (TF) is critical to a range of pathological vascular processes including 

atherosclerosis, neointimal hyperplasia, and coagulation.1–5 After coronary intervention, be 

it balloon angioplasty or stent implantation, TF exposed on the denuded vascular smooth 

muscle cell (vSMC) surface serves as a key precipitant of injury-related local clot formation 

and stent thrombosis (ST),4,6 a potentially lethal event that kills up to half of patients.7,8 ST 

occurs with bare-metal stents or drug-eluting stents8,9 and may be influenced by a variety of 

stent design–, procedure-, patient-, and lesion-related factors. Chronic renal failure (CRF) 

and end-stage renal disease (ESRD) in particular are associated with poor outcomes.9–13

In 1 study, 1-year cardiac mortality after coronary intervention increased from 1.9% to 

15.2% in patients with CRF (serum creatinine >3.0 mg/dL) and 10.0% for ESRD dialysis 

patients.14 The risk of ST rises 6.5-fold in patients with renal failure, and uremia predisposes 

to early (within 30 days), late (between 31 days and 1 year), and very late (≥1 year) ST.11,12

Multiple studies in CRF patients have shown increased circulating levels of regulators of 

thrombosis such as soluble TF, activated factor VIII, von Willebrand factor, TF pathway 

inhibitor, and fibrinogen.15–18 However, the effects of uremia on local TF activity in various 

vascular cell types remain scant.4,6 Although uremic serum is known to increase TF 

expression in endothelial cells (ECs),17 its effect on exposed vSMCs, the key driver of ST, 

remains unknown.

We examined the effect of the uremic milieu on vSMC TF protein kinetics, regulation, and 

function, hypothesizing that the uremic milieu inflicts a hypercoagulable state by 

modulating TF in vSMCs. Because uremic manifestations are thought to arise from the 

direct effects of retained uremic solutes on cells,19 we examined TF expression and activity 

in vSMCs treated with uremic serum and different uremic solutes at concentrations observed 

in CRF/ESRD patients19,20 (Table 1). An integrated assessment of uremia-enhanced 

thrombogenicity was performed with the use of an established flow model designed to 

emulate the postinterventional state by exposing vSMCs to blood in a relevant coronary-like 

hemodynamic environment.21 In this model, direct contact of blood with exposed vSMCs 

emulates the postinterventional reactive vascular status.21,22 Because de-endothelialized 

vSMCs persist over a prolonged time irrespective of stent type, our model is valid for late/

very late ST due to both bare-metal and drug-eluting stents.
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Methods

Detailed methods regarding cell lysis, immunoblotting, immunoprecipitation, 

immunofluorescence, TF stability assay, ubiquitination, activity assay, enzyme-linked 

immunosorbent assay, reverse transcription polymerase chain reaction, uremic solutes, and 

vSMC injury model are described in the online-only Data Supplement.

Human Subjects and Serum Collection

Uremic sera from ESRD patients and control subjects were pooled as described 

previously.23 Briefly, the patients with ESRD on hemodialysis were recruited randomly 

from a pool of 150 patients at the DeVita Hemodialysis Center (Boston, MA). The protocol 

was approved by institutional review boards of both Boston University Medical Center and 

Massachusetts Institute of Technology. Patients aged 20 to 75 years were recruited over a 6-

month period and were excluded if their hemoglobin concentration was <8 g/dL. Informed 

consent was obtained, and 10 mL of blood was collected before the next subsequent 

hemodialysis. Control sera were from Research Blood Component Inc (Boston, MA) for 

sex- and ethnicity-matched subjects. Blood was collected in Vacutainer tubes, and serum 

was separated by centrifuging clotted blood at 1100g for 10 minutes at room temperature to 

obtain serum. Blood urea nitrogen, creatinine, and glucose were assayed in all patients, and 

control sera were excluded if creatinine was >1.0 mg/dL.

Cell Lines

vSMCs (ATCC) were grown in Dulbecco’s modified Eagle’s medium–low glucose with 5% 

fetal calf serum, 1% penicillin, and streptomycin. Human coronary artery endothelial cells 

(Promocell) were grown in endothelial growth medium-2 (Promocell, Germany), as 

described previously.22 THP-1 cells (ATCC) were grown in Roswell Park Memorial 

Institute medium with 5% fetal bovine serum and 0.05 mmol/L 2-mercaptoethanol.

Flow Loop Tubes

A flow loop consists of Silastic tubes coated with human vSMCs subjected to a coronary 

flow condition that emulates the endovascular intervention ex vivo and serves as a screening 

tool to examine thrombosis in various vascular beds.21 Before cell seeding, 4-cm-long, 1/8-

inch internal diameter Tygon tubes (Saint-Gobain, France) were prepared as described 

previously22 and injected with 1·106 cells per milliliter vSMCs into fibronectin-coated tubes 

and cultured for 36 hours under axial rotation at 10 rph, 37°C, 5% CO2.22

vSMC-coated tubes were exposed to control or uremic serum or uremic solutes for 24 hours. 

The segments were explanted, gently flushed to remove the media, and positioned in the 

reactive site flow loop model as described.21 Fresh whole blood was collected from healthy 

volunteers in a 10% acid/citrate dextrose solution. Immediately before testing, a 100-

mmol/L CaCl2/75-mmol/L MgCl2 solution was added to the blood (70-μL solution per 1 mL 

blood) and loaded into the flow loops. After 10-minute runs, the loops were emptied and 

flushed with 60 mL Tyrode buffer (0.01 mol/L HEPES, 0.75 mmol/L MgCl2) to remove 

nonadherent material. The clot was lysed with 1% Triton-X solution for 20 minutes. Lactate 

dehydrogenase and hemoglobin were measured with the use of Quantichrome heme assay 

Chitalia et al. Page 3

Circulation. Author manuscript; available in PMC 2015 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and Cyto-Tox 96 nonradioactive cytotoxicity assay (Promega) as measures of erythrocyte 

content and total clot mass, respectively.

TF neutralizing assay was performed as described previously.24 The vSMC-coated tubes 

exposed to uremic serum or uremic solutes for 24 hours were treated with isotype control or 

anti-TF neutralizing antibody (aTF) (50 μg/mL) (American Diagnostica) for 1 hour before 

the flow loop experiment.

Statistical Analysis

In all figures, data are expressed as mean±SEM. A nonparametric Kruskal-Wallis test, 

followed by a Scheffé post hoc analysis of the original measured values normalized to their 

corresponding controls, was conducted to determine statistical differences between values. 

Values of P<0.05 were considered significant.

Results

Patient Characteristics

All but 1 of the 26 ESRD patients approached consented to participate in the study, and none 

were excluded for anemia. One blood sample was excluded because it failed to clot as a 

result of an error in blood collection. Two samples from the 26 volunteers were excluded 

because their serum creatinine levels were 1.5 and 6.8 mg/dL. Baseline demographic 

characteristics of patients with normal renal function and those with ESRD (Table 2) were 

generally identical, although ESRD patients were aged 47±10 (range, 27–73) years, 

predominantly black men, and hypertensive. Half of the subjects with ESRD were diabetics. 

As expected, blood urea nitrogen, creatinine, and glucose levels were significantly higher 

and hemoglobin levels were significantly lower in uremic patients.

vSMCs Have the Highest Amount of Endogenous TF

Because coronary intervention affects many cell types, we examined relative levels of TF in 

vSMCs, human coronary artery ECs, and THP-1 cells, an acute myelomonocytic leukemia 

cell line considered to be a model for monocytes (Figure IA and IB in the online-only Data 

Supplement). TF abundance was examined by immunoblotting and corroborated with 

immunofluorescence (Figure IA and IB in in the online-only Data Supplement). vSMCs had 

at least 2- to 3-fold higher TF abundance compared with human coronary artery ECs and 

THP-1 cells. TF localization was found mainly at the plasma membrane and cytosol. With 

identical light exposure, virtually no TF was detected in human coronary artery ECs (Figure 

IB in the online-only Data Supplement). Increased baseline vSMC TF is consistent with the 

highest amount of clot formation observed with the vSMC-coated compared with the 

fibronectin- or EC-coated flow loop tubes (Figure IC in the online-only Data Supplement). 

The high level of vSMC TF expression and its recognized role in ST validated its further use 

in our study.

Uremic Serum Induces Higher Clotting in Ex Vivo Flow Loop Model

Visible clot was higher in uremic serum–treated tubes (Figure 1A). Because vSMC TF is a 

crucial component in the initiation of the coagulation cascade after injury,25 we examined 
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the specific role of TF. The uremia-induced clotting was substantially reduced with aTF 

pretreatment (Figure 1A). Inhibition of TF significantly reduced hemoglobin and lactate 

dehydrogenase as markers of red blood cell number and thrombus mass (Figure 1A). 

Because aTF exclusively inhibits the activity of surface-exposed TF,24 these data indicate 

that uremic serum enhances the expression and activity of surface TF and that TF is the 

major pathogenic mediator of uremia-induced clot formation.

TF Abundance and Biological Activity Are Higher in vSMCs Treated With Uremic Serum

We validated the aforementioned finding in vSMCs treated with uremic serum. Exposure of 

uremic serum for 24 hours increased TF expression 1.8- to 3.3-fold with an increasing 

amount of uremic serum (Figure 1B). Increased TF expression was detected by 

immunofluorescence in the membrane and in the cytosol (Figure 1C). Half of our patient 

population had diabetes mellitus (DM). Because DM independently affects clotting,26 which 

can confound the effect of uremia, we separately examined the diabetic and nondiabetic 

uremic sera. Immunoblotting revealed an increase in TF after exposure to diabetic or 

nondiabetic uremic serum alike (Figure 1D). Increase in TF expression was correlated with 

an increase in biological activity. TF activity also increased significantly in vSMCs exposed 

to 5% uremic serum (control, 59.8±11.8 versus uremic, 125.8±12.5 pmol/L per 105 cells; 

P<0.05) or 10% serum (control, 72.3±10.7 versus uremic, 140.7±3.7 pmol/L per 105 cells; 

P<0.05) (Figure 1E). Intriguingly, increasing the serum concentration from 5% to 10% 

control or uremic sera resulted in only 19% and 11% increase in TF activity, respectively; 

thus, doubling the serum concentration did not result in a proportionate increase in TF 

activity.

Specific Uremic Solutes Increase TF Expression and Activity, Which is Further Augmented 
by Injury

Retained solutes are assumed to exert the effects of the uremic milieu. Therefore, we 

examined whether individual uremic solutes might be responsible for the increased TF 

levels and activity observed in vSMCs exposed to uremic serum. Among water-soluble 

uremic solutes, urea, creatinine, and oxalic acid had no effect on TF expression (Figure 2A). 

Water-insoluble uremic solutes doubled TF expression (Figure 2A and 2B) and activity 

(Figure 2E; TF activity rose from 12.2±0.5 to 22.4±0.9 pmol/L per 105 cells; P<0.05). 

Protein-bound uremic solutes such as indole-3-acetic acid (IA) and indoxyl sulfate (IS) 

increased TF expression (Figure 2C and 2D) and activity by 2-fold (Figure 2E; TF activity: 

control, 12.2±0.5; IA, 23.2±5.9 pmol/L per 105 cells; P<0.05; and IS, 28.7±3.0 pmol/L per 

105 cells; P<0.01). The IA, IS, and uric acid (UA) increased TF predominantly in the 

cytosol and the membrane (Figure 2B and 2D). Thus, IA-, IS-, and UA-mediated increased 

TF activity tracked consistently with TF protein expression. vSMC scratch injury assay is an 

in vitro counterpart of the endovascular interventional injury model. TF expression almost 

doubled with scratch injury, consistent with previously published in vivo observations.27 

Pretreatment of uremic solutes further augmented injury-induced TF expression, ranging 

from 40% with UA to almost 100% with IS (Figure 3E).
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Increase in Thrombogenicity With IA-, IS-, and UA-Treated vSMCs in the Flow Loop Model

Because UA, IA, and IS increased TF protein abundance and activity (Figure 2A through 

2E), we examined whether these solutes also induce thrombogenicity in our ex vivo flow 

loop model. Compared with control, UA treatment resulted in significantly higher clot 

formation as assessed through qualitative visualization as well as quantitative hemoglobin 

and lactate dehydrogenase measurements (Figure 4A). Inhibiting the surface TF activity 

with the use of aTF significantly abrogated clot formation in flow loop models (Figure 4A). 

Similarly, IA- and IS-treated flow loops exhibited significantly higher thrombogenicity, 

which was substantially reduced by aTF (Figure 4B and 4C). Overall, because the individual 

uremic solutes regulate TF expression, activity, and thrombogenicity, these observations 

suggest that uremia directly and independently increases thrombogenicity and that specific 

uremic solutes are accountable for the thrombogenicity in the uremic milieu.

Uremic Serum or Solutes Regulate TF Posttranslationally

It is conceivable that TF can be regulated at multiple levels including transcriptional, 

translational, or posttranslational levels. Because uremic serum upregulates EC TF 

mRNA,17 we examined whether the same effect was observed in vSMCs (Figure IIA in the 

online-only Data Supplement). Treatment of vSMCs with 5% control, nondiabetic, or 

diabetic uremic serum had no effect on TF mRNA at different time points. Because uremic 

serum does not regulate TF mRNA, we examined whether TF may be regulated 

posttranslationally at a level of degradation similar to that of other integral membrane 

proteins.28 TF degradation and stability were measured by TF half-life after blocking protein 

translation.29 Uremic serum significantly prolonged TF half-life (Figure 5A) independent of 

the diabetic state. We then examined whether individual uremic solutes recapitulate this 

effect of uremic serum on TF stability. Although UA increased basal TF levels, there was no 

increase in TF half-life (Figure 5B). On the other hand, TF half-life was significantly 

prolonged to 3.5 hours with IA and IS (Figure 5C).

IA and IS Suppress Ubiquitination of Endogenous TF

Ubiquitination followed by proteasomal degradation is a fundamental process regulating 

protein stability and degradation.28 We first examined whether TF, like other membrane 

proteins, undergoes ubiquitination.28 Proteasome inhibitor treatment of vSMCs uncovered 

baseline ubiquitination of TF, which appears as a smear (Figure 5D). Consistent with TF 

half-life, uremic sera (non-DM and DM), IA, and IS inhibited TF ubiquitination (Figure 5E). 

On the other hand, those uremic solutes, such as UA, that had no effect of TF stability did 

not alter its ubiquitination (Figure 5F and 5G). These data indicate that IA and IS stabilize 

TF by inhibiting its ubiquitination.

Discussion

Patients with uremia are at significantly higher risk of atherothrombotic events, particularly 

after vascular intervention.13,30–33 In the present report, we show that uremic serum induces 

a profoundly thrombogenic state mediated in large part by regulation of vSMC TF 

expression and activity. Uremic serum has been documented to raise TF expression in 

ECs,17 which does not account for the substantial increase in thrombosis in the injured state, 
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in which ECs are often lost. We now demonstrate a predominant effect on vSMCs. We 

further define the role of specific uremic solutes that may account for the effect of uremic 

serum on TF, distinguish the effects of protein-bound and water-soluble and -insoluble 

uremic solutes, link the thrombotic impact of specific uremic solutes to ubiquitination, 

examine the TF biology in the presence of these solutes compounded by injury, and describe 

a different and novel mechanism of vSMC TF regulation by uremic solutes.

Uremia Regulates vSMC TF Independent of DM

DM is a major cause of CRF and ESRD and increases thrombogenicity by elevating soluble 

TF in serum and TF expression in ECs.26 Thus, DM could pose a confounding effect in 

evaluating the independence of uremia on thrombogenicity. However, uremic sera increased 

TF expression, stabilized TF half-life, and reduced its ubiquitination in patient cohorts both 

with and without DM and to a similar extent. These findings indicate that the effect of 

uremia on TF is independent of DM. This conclusion is further supported by the fact that 

uremic solutes such as IA, IS, and UA (those solutes upregulating TF expression and 

activity) are elevated irrespective of the cause of renal failure or associated disease states. 

Our observations are consistent with prior studies such as the Registry of Stent Thrombosis 

for Review and Reevaluation (RESTART) trial, in which CRF (estimated glomerular 

filtration rate <30 mL/min) emerged as an independent risk factor in multivariate analysis 

for ST even in cases in which 45% of patients had DM.11

Complexity of Effects of Uremic Solutes on TF

Uremic solutes are thought to mediate the protean manifestations of renal failure. In general, 

they are the products of intermediate metabolism or retained proteins that failed to be fully 

excreted.34 There are numerous candidate uremic toxins, including β2-microglobulin, leptin, 

advanced glycosylation end products, p-cresol, IA, IS, and homocysteine.19 We examined 

the effects of some of the uremic solutes previously linked to vascular dysfunction.32 

Although some solutes, in particular those that are water soluble, had no significant effect on 

TF levels, others led to dramatic increases in TF expression and activity. IA, IS, and UA in 

particular account for the effect of intact serum and act synergistically with vSMC injury in 

upregulating TF, albeit by different mechanisms. Protein-bound uremic solutes such as IA 

and IS increased the stability of TF by interfering with its ubiquitination process and 

increasing TF expression. Such protein binding may facilitate solute-TF binding and 

regulation of TF. For example, IA and IS share an indole ring that may interfere in TF 

binding with its putative E3 ubiquitin ligase, a possibility that remains to be explored. It also 

remains to be determined whether IA- and IS-mediated inhibition of ubiquitination is 

specific for TF or affects ubiquitination of other substrates.

The mechanism of UA-mediated TF regulation remains unclear. UA is a unique uremic 

solute, being neither protein bound nor water soluble at high physiological concentrations.35 

Although UA increases TF levels and activity, we found no effect on TF mRNA or protein 

stability. Because protein production under steady state conditions is a combination of 

transcription, translation, and degradation, it is possible that UA regulates TF translation. It 

is also plausible that UA binds to TF and modifies its interactions with other proteins, such 
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as factor VII, thereby augmenting its activity. In addition, UA may affect TF indirectly 

through regulating inflammatory pathways.2,35

These observations support a ST model in renal failure in which the uremic milieu increases 

basal TF levels and activity in vSMCs largely through regulating TF stability and 

ubiquitination. On vascular intervention, injury-induced increase in vSMC TF is further 

augmented in the presence of uremic solutes. This enhancement of local TF levels and 

activity in exposed vSMCs in combination with increased circulating levels of 

procoagulants15–17 such as activated factor VII18 in uremic patients exacerbates local 

coagulation, culminating in ST. All of these possibilities warrant further investigation and 

are active areas of investigation in our laboratory. Collectively, the present study illustrates 

the complexity of the effects of uremic solutes on TF regulation.

Levels of TF Regulation

TF mRNA is transcribed and translated with a leader peptide, which undergoes cleavage at 

the membrane, thus targeting TF to the plasma membrane.6 TF may be increased by 

regulation of any of these processes. Tumor necrosis factor-α, thrombin, and endotoxin 

induce TF expression in vSMCs6 by stimulating the TF promoter to induce transcription of 

TF mRNA via the mitogen-activated protein kinase and phosphoinositide-3 kinase 

pathways.6 Interestingly, we found no effect of uremic serum or uremic solutes on TF 

mRNA. This is in contrast to the findings of Serradell et al,17 who demonstrated increased 

TF mRNA in ECs exposed to uremic serum. Our observation of vSMC TF regulation on 

uremic solute exposure at an early 4-hour time point (Figure 3A and 3C) suggests a 

posttranscriptional mechanism and further distinguishes these findings from previous work 

with ECs.17

Protein degradation/stability, an important determinant of its function, is a highly regulated 

process. Many membrane proteins, including ligand-bound receptors, undergo lysosomal- or 

proteasome-mediated degradation. Proteins are usually tagged for proteasomal destruction 

by covalent attachment of ubiquitin, a small, compact protein, which is a 3-step process.28 

This study confirms that tightly regulated protein such as TF undergoes ubiquitination under 

basal conditions. Those solutes such as IA and IS that regulate TF stability inhibited TF 

ubiquitination, whereas others that did not regulate TF stability had no effect on TF 

ubiquitination (Figure 5B and 5F). These data support the functional paradigm that the 

mechanisms of TF regulation are complex and are cell type and mediator specific.6

Other Clinical Correlates

Interestingly, treatment of vSMCs with increasing concentrations of uremic serum from 5% 

to 10% did not increase TF activity proportionate to TF expression (Figure 1E). A range of 

possibilities arises, including the potential contributions of other local thromboregulatory 

factors or the existence of multiple TF states. Numerous studies have shown increased 

circulating levels of various antithrombotic factors such as TF pathway inhibitor in uremic 

plasma.15,16 Although we did not specifically examine the effect of uremia on potential 

thrombotic inhibitors in the local milieu, it is plausible that increasing the uremic serum 

concentration may simultaneously induce expression of thrombotic inhibitors in vSMCs. It 
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is conceivable that uremic serum may also modulate TF activity states. TF is thought to exist 

in 2 states: a low-activity state (also called encrypted) and a high-activity state (also called 

de-encrypted).1 It is plausible that uremic serum may alter the TF encryption-de-encrypted 

balance to prevent proportionate augmentation of TF activity. Because TF neutralizing 

antibody inhibits the activity of de-encrypted/active TF on the surface of vSMCs, our data 

suggest that the uremic milieu may increase the amount of decrypted TF.

TF level almost doubled with the solute concentrations found in patients with mild to 

moderate CRF20,36 and then reached a plateau with no further increase at higher levels of 

uremic solutes (Figure 3B and 3D). These data may suggest that even mild CRF can have a 

potent effect on thrombogenesis and that increasing uremic solute concentrations with the 

deterioration of renal function may not result in a further increase in vSMC TF expression or 

ST risk. This inference is consistent with the observations that worsening renal function 

beyond mild to moderate CRF (creatinine >1.6–2.0 mg/dL) did not further increase 

complications such as ST or worsen the outcomes after coronary intervention.14,37

Limitations

This investigation has several limitations, particularly in regard to the natural inability to 

precisely match control and uremic populations, the use of pooled serum, focus on a limited 

set of uremic solutes, and consideration of single pools of TF. Our dialysis population 

mirrored the expected demographics and therefore included older patients with significantly 

higher blood pressure than the healthy control patient group. Such a difference is 

unavoidable. The predominance of black subjects in our study reflects the presence of these 

subjects in Boston Medical Center in the inner city area of Boston. Data may therefore be 

biased toward the black population, but this is, if anything, an underrepresented population 

in most clinical trials. In this investigation, we used the pooled serum because we wanted to 

first examine the class effect of uremia on postinterventional thrombosis. Ideally, future 

studies will examine far larger study groups and the individual patient serum compared with 

age-, sex-, and ethnic background–matched controls. Several drugs can exert an effect on 

clotting. The fact that our control group consisted of unidentified subjects for whom the 

medication record was unavailable represents a potential limitation of this study. We 

examined only a subset of uremic solutes that are known to have vascular effects,34 and 

those solutes too were examined separately because our objective was to understand the 

independent effect of each solute. We consider that uremic serum is a mixture of a host of 

uremic solutes and hence should represent the combined effect of all of the solutes. It is 

likely that other factors in uremia may also play a role in vSMC TF. Nonetheless, the 

description of the effects and mechanism of action of uremic solutes on TF remains unique. 

Finally, we measured TF expression, activity, stability, and ubiquitination in whole cell 

lysate. Future studies may be able to distinguish the 3 distinct cellular pools in vSMCs, 

including membrane-bound: encrypted and de-encrypted, and intracellular TF.24

Implications of Uremia Regulation of TF

This study has several important clinical diagnostic and therapeutic implications. The 

finding that IA, IS, and UA link TF to ST in uremia offers the potential for novel biomarkers 

for assessing ST risk in CRF patients, and the finding that TF stability is linked to 
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ubiquitination offers novel putative drug targets. These findings have broad implications that 

extend well beyond the phenomenon of ST as well. TF plays a crucial role in the 

development of atherosclerosis and its thrombotic complications,2,3 and accelerated 

atherosclerosis is a feature of uremic vascular disease.32 TF may now link uremia and 

uremic solutes to the progressive disease observed in CRF patients. TF overexpression in 

vSMCs has also been shown to augment neointimal hyperplasia in models of coronary 

intervention through both coagulant- and noncoagulant-mediated pathways.5 In addition to 

implications in the coronary vascular bed, such augmentation of TF levels with uremia may 

significantly affect other vascular beds. For example, neointimal hyperplasia and clotting are 

among the most common causes of hemodialysis access failure or suboptimal fistula 

performance, and therefore therapies directed toward IA, IS, and UA may well improve 

access success and survival.38,39 UA has long been implicated in hypertension, 

atherosclerosis, preeclampsia, and renal disease.35 The regulation by UA of TF in vSMCs 

may add novel insights linking such pathogenic mechanisms. Further exploration of the rich 

interactions between uremic solutes and vSMCs could well lead to novel mechanistic, 

diagnostic, and therapeutic insights into the vascular biology of patients with renal failure, a 

subgroup that is consistently plagued with poor cardiovascular outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVE

Advances in cardiovascular therapeutics and techniques have expanded the pool of 

patients amenable for percutaneous intervention, and, increasingly, higher-risk patients 

with comorbidities such as concomitant chronic renal failure undergo complex 

interventions. However, these subsets are often at higher risk for treatment failures, and 

chronic renal failure and end-stage renal disease have been implicated as leading risk 

factors in endovascular stent thrombosis, a condition associated with a nearly 50% 

mortality rate. Although uremia has long been recognized as thrombogenic, the 

mechanisms and markers of postinterventional thrombosis remain poorly elucidated, thus 

limiting our ability to risk stratify and treat these patients effectively. In this study, we 

show that uremia, independent of diabetes mellitus (the leading cause of chronic renal 

failure), mediates postinterventional thrombosis by upregulating local tissue factor levels 

in vascular smooth muscle cells, which are the principal cells exposed to blood after 

endovascular manipulation. We identify specific and novel role of uremic solutes in 

regulating tissue factor through ubiquitination and subsequent degradation. Our data 

indicate that vascular smooth muscle cell tissue factor is the critical mediator of enhanced 

thrombogenicity in the postinterventional environment when exposed to uremia, offering 

a potential therapeutic target in these patients. We further identify specific uremic solutes 

in the postinterventional milieu that can be explored as biomarkers to stratify thrombotic 

risk in patients with chronic renal failure before intervention.
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Figure 1. 
Uremia is highly thrombogenic milieu increasing tissue factor (TF) expression and activity 

in vascular smooth muscle cells (vSMCs). A, Ex vivo thrombogenicity of uremic serum that 

is significantly abrogated by TF neutralization. Top, vSMCs grown on fibronectin-coated 

tubes were exposed to pooled 5% control or uremic serum for 24 hours. The tubes were then 

subjected to flow loop system with blood flowing on surface. A representative visual 

examination of clot after stopping the system is shown. Bottom, Hemoglobin (Hgb) and 

lactate dehydrogenase (LDH) values of the thrombus from the tubes treated with uremic 

serum and control serum are shown. Mean of 9 tubes is shown. *P<0.01 for hemoglobin and 

P<0.02 for LDH of uremic compared with control serum. Similarly, hemoglobin and LDH 

values of thrombus from the uremic serum–exposed tubes pretreated with control (control 

aB) or anti-TF neutralizing (aTF) antibody are shown. Mean of 6 tubes is shown. #P<0.01 

for hemoglobin and P<0.02 for LDH of aTF compared with control antibody. Error 

bars=SEM. B, Uremic serum induces expression of TF. vSMC 1·105 cells seeded in 6-well 

plates and exposed to 5% and 10% of control (Con) and uremic (Ur) serum. Cell lysates 

prepared after 24 hours were immunoblotted for TF and pancadherin antibodies. 

Representative blot from 5 experiments is shown. Right, Densitometry analysis was 

performed on TF bands with ImageJ with the use of pancadherin to normalize the signal. 

Average of 5 experiments is shown. P<0.01 for 5% and P<0.005 for 10% uremic serum 

compared with control. Error bars=SEM. C, Immunofluorescence of TF in response to 

control and uremic serum. vSMCs treated for 24 hours with 5% control and uremic serum 

were fixed and stained for TF. Nuclei were stained with DAPI. D, Nondiabetic serum also 

increases TF expression. Cell lysates of vSMCs treated with 5% pooled control or 

nondiabetic or diabetic uremic serum were probed for TF and pancadherin. Representative 

blot of 3 experiments is shown. The TF band normalized with pancadherin. Average of 3 
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experiments is shown. P<0.02 for non–diabetes mellitus (DM) and P<0.01 for DM uremic 

serum compared with control. Error bars=SEM. E, TF activity increased with uremic serum. 

vSMCs 1·105 seeded in 6-well plates and exposed to 5% and 10% of control and uremic 

serum are shown. Cell lysates prepared after 24 hours were subjected to TF activity 

measurements. TF activity was normalized to number of vSMCs. Mean of 3 experiments 

performed in duplicate is shown. Error bars=SEM. WB indicates westernblot.
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Figure 2. 
Complexity of uremic solutes to increase tissue factor (TF) levels and activity in vascular 

smooth muscle cells (vSMCs). A, Uric acid increases TF expression. vSMCs were treated 

with water-soluble and -insoluble uremic solutes at concentrations observed in patients with 

chronic renal failure for 24 hours. Cell lysates were probed for TF and pancadherin. Cells 

treated with water or NaOH served as control. Representative blot from 3 experiments is 

shown. Densitometry analysis was performed on TF bands with the use of pancadherin to 

normalize the signal. Average of 3 experiments is shown. P<0.001 for uric acid compared 

with NaOH. Error bars=SEM. Crea indicates creatinine; and Oxal, oxalic acid. B, 

Immunofluorescence of TF. vSMCs treated with uremic solutes for 24 hours were fixed and 

stained with TF. DAPI was used to stain nuclei. C, Indole-3-acetic acid (IA) and indoxyl 

sulfate (IS) increase TF expression in vSMCs. Cell lysates of vSMCs treated with protein-

bound uremic solutes were probed for TF and pancadherin antibodies. Cells treated with 

media containing human serum albumin served as control. Representative blot from 3 

experiments is shown. Densitometry analysis was performed as above. Average of 3 

experiments is shown. P<0.02 for IA and P<0.01 for IS compared with human serum 

albumin (HSA) (control). Error bars=SEM. D, Immunofluorescence of TF. vSMCs treated 

with protein-bound uremic solutes were fixed and stained with TF. DAPI was used to stain 

nuclei. E, Increase in TF activity in vSMCs treated with IA, IS, and uric acid. vSMCs 1·105 

seeded in 6-well plates and exposed to exposed to uremic solutes serum are shown. Cell 

lysates prepared after 24 hours were subjected to TF activity measurements. TF activity was 

normalized to number of vSMCs. Mean of 3 experiments performed in duplicates is shown. 

Error bars=SEM. DMSO indicates dimethyl sulfoxide; and Hom, homocysteine.
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Figure 3. 
Temporal, dose-dependent, and injury-induced increase in vascular smooth muscle cell 

(vSMC) tissue factor (TF) with uremic solutes. A, Uric acid (UA)–induced upregulation of 

TF occurs within 4 hours of treatment. Lysates from vSMCs treated with NaOH and UA 

were harvested at different time periods and immunoblotted with TF and pancadherin 

antibodies. Representative blot from 3 experiments is shown. Densitometry analysis was 

performed. Average of 3 experiments is shown. P<0.01 for 4- and 24-hour UA and P<0.02 

for 48-hour UA compared with NaOH. Error bars=SEM. B, Doubling of TF with 

concentrations of UA observed in patients with chronic renal failure. vSMCs treated with 

UA with increasing concentrations for 24 hours are shown. Representative blot from 3 

experiments is shown. Densitometry analysis was performed. Average of 3 experiments is 

shown. P<0.02 for 80 μg/mL and P<0.001 for 100 μg/mL UA compared with NaOH. Error 

bars=SEM. C, Indole-3-acetic acid (IA) and indoxyl sulfate (IS) induce TF expression 

within 4 hours of treatment. vSMCs treated with IA and IS were harvested at different time 

intervals, and lysates were immunoblotted. Cells treated with human serum albumin served 

as control. Representative blot from 3 experiments is shown. Densitometry analysis was 

performed. Average of 3 experiments is shown. P<0.01 for 4, P<0.001 for 24, and P<0.01 

for 48 hours for IA compared with human serum albumin; and P<0.01 for 4, 24, and 48 

hours for IS compared with human serum albumin. Error bars=SEM. D, Increase in TF 

expression with increasing dose of IA and IS. vSMCs treated with IA and IS with increasing 

concentrations for 24 hours were harvested for immunoblotting. Cells treated with human 

serum albumin served as control. Representative blot from 3 experiments is shown. 

Densitometry analysis was performed. Average of 3 experiments is shown. P<0.05 for 1.75 

μg/mL and P<0.01 for 3.25 μg/mL IA compared with human serum albumin; P<0.01 for 
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12.5 and 25 μg/mL IS compared with human serum albumin. Error bars=SEM. E, Injury 

further augments upregulation of TF. vSMCs 1·106 treated with uremic solutes for 24 hours 

were injured with a cell scraper. The cells were washed and incubated with fresh medium 

without uremic solutes and harvested after 2 hours. Lysates were probed with the use of TF 

and pancadherin antibodies. Representative blot from 4 experiments is shown. Densitometry 

analysis was performed. Average of 4 experiments is shown. All P values refer to TF 

increase without vs with scratch injury. P<0.02 for control, P<0.01 for IA and IS, and 

P<0.05 for uric acid. Error bars=SEM. WB indicates westernblot.
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Figure 4. 
Uric acid, indole-3-acetic acid (IA), and indoxyl sulfate (IS) increase thrombogenicity and 

recapitulate the effect of uremic serum. A, Ex vivo thrombogenicity of uric acid on vascular 

smooth muscle cell (vSMC)–coated flow loop model. Top, vSMCs exposed to uric acid for 

24 hours. The tubes were then subjected to the flow loop system. A representative visual 

examination of clot is shown. Bottom, Hemoglobin and lactate dehydrogenase (LDH) 

values of the thrombus from the tubes treated with uric acid and NaOH are shown. Mean of 

9 tubes is shown. *Hemoglobin P<0.001 and LDH P<0.001 for uric acid compared with 

NaOH. Hemoglobin and LDH values of thrombus from the uric acid–exposed tubes 

pretreated with control (control aB) or anti-TF neutralizing (aTF) antibody are also shown. 

Mean of 6 tubes is shown. #P<0.01 for hemoglobin and P<0.02 for LDH of aTF compared 

with control antibody. Error bars=SEM. B, Ex vivo thrombogenicity of IA on vSMC-coated 

flow loop model. Top, vSMCs treated with IA and for 24 hours were subjected to flow loop. 

A representative visual examination of clot is shown. Bottom, Hemoglobin and LDH values 

of the thrombus from the tubes treated with IA and human serum albumin (control) are 

shown. Mean of 9 tubes is shown. *Hemoglobin P<0.05 and LDH P<0.05 for IA compared 

with human serum albumin. Hemoglobin and LDH values of thrombus from the IA-exposed 

tubes pretreated with control antibody or aTF antibody are also shown. Mean of 6 tubes. 

#P<0.05 for hemoglobin and P<0.05 for LDH for aTF compared with control antibody. 

Error bars=SEM. C, IS-induced thrombus was significantly inhibited by surface TF 

neutralization. Top, vSMCs treated with IA for 24 hours were subjected to flow loop. A 

representative visual examination of clot is shown. Bottom, Hemoglobin and LDH values of 

the thrombus from the tubes treated with IS and human serum albumin (control) are shown. 
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Mean of 9 tubes is shown. *Hemoglobin P<0.05 and LDH P<0.05 for IA compared with 

human serum albumin. Hemoglobin and LDH values of thrombus from the IS-exposed tubes 

pretreated with control antibody or aTF antibody are also shown. Mean of 6 tubes is shown. 

#P<0.05 for hemoglobin and P<0.05 for LDH for aTF compared with control antibody. 

Error bars=SEM.
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Figure 5. 
Uremic serum stabilizes tissue factor (TF) by inhibiting its ubiquitination, and indole-3-

acetic acid (IA) and indoxyl sulfate (IS) recapitulate its effect on TF. A, Both nondiabetic 

and diabetic uremic sera increase TF half-life. Vascular smooth muscle cells (vSMCs) 

treated with pooled 5% control or nondiabetic or diabetic uremic sera for 24 hours are 

shown. Emetine 20 μmol/L was used for indicated time. The cells were harvested, and TF 

expression was analyzed by immunoblotting. Representative blot from 3 experiments is 

shown. Densitometry was performed on half-life study with the use of Image J, and 

pancadherin was used to normalize the TF signal. Average of 3 experiments is shown. *P 

value is 0.03 for both the DM and non-DM sera treated vSMCs compared to the control. 

Error bars=SEM. DM indicates diabetes mellitus. B, Uric acid does not affect half-life of 

TF. vSMCs treated with NaOH and uric acid for 24 hours were treated with emetine as 
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above. Representative blot from 3 experiments is shown. Densitometry was performed on 

half-life study with Image J, and pancadherin was used to normalize the TF signal. *P value 

is 0.02 for both the IA and IS treated vSMCs compared to the control. Average of 3 

experiments is shown. Error bars=SEM. C, IA and IS prolong half-life of TF. vSMCs 

exposed to protein-bound solutes and control (treated with human serum albumin [HSA]) 

for 24 hours were treated with emetine for indicated time. The cells were harvested, and TF 

expression was analyzed by immunoblotting. Representative blot from 3 experiments is 

shown. Densitometry was performed on half-life study shown in Figure 4F with the use of 

Image J, and pancadherin was used to normalize the TF signal. *P value is 0.02 for both the 

IA and IS treated vSMCs compared to the control. Average of 3 experiments is shown. Error 

bars=SEM. D, Ubiquitination of endogenous TF. vSMCs 1·106 were treated with MG132. 

TF was immunoprecipitated (IP) with the use of TF antibody and immunoblotted with 

ubiquitin antibodies. Immunoprecipitated TF is shown as input. Representative immunoblot 

from 3 experiments is shown. Densitometry analysis was performed on ubiquitin smear 

normalized with immunoprecipitated TF with the use of Image J. Average of 3 experiments 

is shown. P<0.05 for ubiquitin without vs with MG132. Error bars=SEM. E, Uremic serum 

inhibits TF ubiquitination. vSMCs treated with 5% pooled control or nondiabetic or diabetic 

uremic sera for 24 hours were lysed after treatment with MG132. TF ubiquitination was 

examined as described above. Representative immunoblot from 3 experiments is shown. 

Densitometry analysis was performed on ubiquitin smear as described above. Average of 3 

experiments is shown. P<0.05 for non-DM and DM uremic compared with control serum. 

Error bars=SEM. F, Water-soluble uremic solutes have no effect on TF ubiquitination. 

vSMCs were treated with uremic solutes for 24 hours and 10 μM MG132 for the last 6 

hours. Water-treated sample served as control. Representative immunoblot from 2 

experiments is shown. Densitometry analysis was performed as described above. Average of 

2 experiments is shown. Error bars=SEM. G, IA and IS inhibit TF ubiquitination. vSMCs 

were treated with protein-bound uremic solutes or uric acid solutes for 24 hours and MG132. 

TF was immunoprecipitated as above. Human albumin or NaOH served as control. 

Representative immunoblot from 3 experiments is shown. Densitometry analysis was 

performed as described above. Average of 3 experiments is shown. P<0.05 for IA and IS 

compared with human serum albumin (control). Error bars=SEM. DMSO indicates dimethyl 

sulfoxide; and WB, westernblot.
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Table 1

Uremic Solute Concentrations20

Water soluble

 Urea 1200

 Creatinine 60

 Oxalic acid 5

Water insoluble

 Uric acid 80

Protein bound

 Indole-3-acetic acid 3.5

 Indoxyl sulfate 25

 Homocysteine 2.7

 P-cresol 10

Data are expressed as micrograms per milliliter.
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Table 2

Patient Characteristics

Control Group (n=24) Uremic Group (n=24) P

Age, y* 24–59 (42) 29–73 (47) 0.01

Sex

 Male 19 19

 Female 5 5

Ethnic background

 Black 20 20

 Hispanic 3 3

 Asian Indian 1 1

 White 0 0

Cause of renal failure

 Diabetes mellitus 0 12

 Hypertension 0 5

 Lupus nephritis 0 1

 Unknown 0 6

Blood pressure, mm Hg†

 Systolic 113.4±8.5 152.65±11.32 0.006

 Diastolic 69.45±4.9 84.95±6.9 0.004

 Hemoglobin, g/dL† 13.9±1.04 10.69±1.39 0.007

 Blood urea nitrogen,
mg/dL†

15.2±2.73 70.45±12.32 0.0002

 Serum creatinine,
mg/dL†

0.81±0.11 6.96±1.43 0.0003

 Serum glucose,
mg/dL†

77.65±8.99 100±27.28 0.0001

*
Data are expressed as range (mean).

†
Data are expressed as mean±SD.
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