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Patients with chronic kidney disease (CKD) have an 
increased risk of cardiovascular disease and mortality (1). 
Patients with the lowest glomerular filtration rates have 
the higher risk (2). Nonclassical risk factors, such as 
inflammation and endothelial dysfunction, appear to drive 
cardiovascular disease in these patients (3,4). In addition, 
CKD patients exhibit a prothrombotic state with increased 
levels of procoagulant factors (factor VII, factor VIII and 
plasminogen activator inhibitor type-1) and markers of 
activation of coagulation (prothrombin 1+2 and thrombin-
antithrombin complexes) (5-7). CKD patients also have 
an increase in tissue factor (TF) expression on circulating 
monocytes (8). TF is the cellular initiator of the coagulation 
cascade and contributes to thrombosis associated with a 
variety of diseases (9). Importantly, epidemiology studies 
showed that CKD patients have an increased risk of venous 
thromboembolism (VTE) (deep venous thrombosis and 
pulmonary embolism) (10-12). 

The reduction in glomerular filtration rates in CKD 
patients leads to uremia with the accumulation of metabolic 
breakdown products of tryptophan from the indolic 
and kynurenine pathways. Accumulation of these toxic 
products is further accelerated by the loss of organic 
anion transporters (OATs) associated with destruction 
of nephrons. Oat1 and Oat3 are the main transporters 
expressed in the proximal tubule of the nephron that 

excrete a variety of potential toxins, including indolic and 
kynurenine pathway products (13). Accumulation of these 
products likely contributes to inflammation and vascular 
dysfunction.

Importantly, TF is not expressed by unstimulated ECs 
and peripheral blood mononuclear cells (PBMCs), whereas 
VSMCs constitutively express TF (9). An early study 
showed that uremic serum induced TF mRNA and protein 
expression in human endothelial cells (ECs) (14). In 2013, 
two papers reported that the uremic solutes indoxyl sulfate 
(IS) and indole-3-acetic acid (IAA) increased TF expression 
in human ECs, PBMCs and vascular smooth muscle cells  
(VSMCs) (15,16). 

Gondouin and colleagues showed that IS and IAA 
induced the transient expression of TF mRNA and 
protein in human umbilical vein ECs (HUVECs) and 
PBMCs, and the release of TF-positive microvesicles from  
HUVECs (15). This induction was mediated by activation 
of the transcription factor aryl hydrocarbon receptor (AHR) 
(Figure 1A) (15). Induction of TF expression was abolished 
by reducing AHR expression using a small interfering RNA 
and by the AHR inhibitor geldanamycin. In addition, the 
AHR agonist 2,3,7,8-tetrachlorodiebenzo-p-dioxin induced 
TF expression in HUVECs. Since the TF promoter does 
not contain a consensus AHR binding site (XRE) the 
authors proposed that AHR induced TF gene expression 
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via either a noncanonical XRE, by interacting with other 
transcription factors, such as NF-κB, or by enhancing a 
signaling pathway that regulates TF gene expression (15). 
TF expression by ECs and PBMCs may contribute to the 
increased incidence of thrombotic events in CKD patients. 

Chitalia and colleagues focused on human VSMCs 
because they expressed higher levels of TF than human 
coronary artery EC and a human monocytic leukemia cell 
line THP-1 (16). Surprisingly, it was reported that uremic 
serum did not induce TF mRNA expression in VSMCs. 
However, exposure of VSMCs to uremic serum, IS or IAA 
for 24 hours increased TF protein expression by prolonging 
its half-life. Since the ubiquitination and proteasomal 
degradation pathway plays a central role in regulating 
protein stability, they determined if this pathway regulated 

TF stability. Indeed, baseline ubiquitination of TF in 
human VSMCs was observed when the cells were treated 
with a proteasome inhibitor (16). IS and IAA inhibited TF 
ubiquitination which resulted in an increase in its half-
life and an increase in TF protein on the surface of cells  
(Figure 1B). 

In a second paper, Chitalia and colleagues showed that IS 
increased TF protein expression in human aortic VSMCs 
in an AHR-dependent manner (17), which is consistent 
with the work of Gondouin and colleagues with ECs and  
PBMCs (15). In this study, IS increased TF mRNA 
expression in VSMCs by 10-fold after 4 hours. It is unclear 
why IS induction of TF mRNA was not observed in the 
earlier study (16). Increased TF protein expression in 
VSMCs exposed to either uremic serum or IS was abolished 

Figure 1 The uremic solute-AHR-TF axis in vascular cells. (A) In unstimulated human ECs or PBMCs the AHR is present in the cytoplasm 
and the cells do not express TF. Culturing these cells with to uremic solutes, such as IS, activates AHR via binding of IS and this induces 
its translocation into the nuclear where it induces TF gene expression and surface expression of TF protein; (B) unlike ECs and PBMCs, 
VSMC constitutively express TF. Exposure of these cells to uremic solutes leads to the dissociation of the TF-STUB1 complex resulting in 
stabilization of TF and an increase in surface expression of TF. In addition, IS will bind to AHR and liganded AHR may increase TF gene 
expression and may also bind to TF and displace STUB1. ECs, endothelial cells; PBMCs, peripheral blood mononuclear cells; TF, tissue 
factor; AHR, aryl hydrocarbon receptor; IS, indoxyl sulfate; VSMC, vascular smooth muscle cells; STUB1, STIP1 homology and U-box-
containing protein 1.
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by two different AHR antagonists. Furthermore, AHR 
and TF could be co-immunoprecipitated and the purified 
proteins directly interacted (17). This study suggested that 
AHR may also increase TF protein expression via a non-
genomic mechanism (see below). 

The third paper by Chitalia and colleagues reported 
that the ubiquitin ligase STIP1 homology and U-box-
containing protein 1 (STUB1) [also known as carboxyl 
terminus of hsc70-interacting protein (CHIP)] bound to 
TF and directed its degradation via the proteasome pathway  
(Figure 1B) (18). Silencing of STUB1 in primary aortic 
VSMCs was associated with a significant increase in TF 
protein under both uremic and non-uremic conditions. 
Similarly, silencing of STUB1 also increased TF protein 
expression in HUVECs presumably by increasing its 
stability. TF contains a short cytoplasmic domain and 
deletion of this domain abolished STUB1 binding 
suggesting that it contains a binding site for STUB1 (18). 
As expected, IS reduced the interaction between TF and 
STUB1 consistent with a model in which IS inhibits TF 
ubiquitination and increases its stability. Moreover, addition 
of an AHR antagonist to IS treated cells restored binding 
of STUB1 to TF. Since AHR has been shown to bind to 
TF we postulate that liganded AHR may bind to TF and 
displace STUB1 resulting in stabilization of the protein 
(Figure 1B). This model needs to be tested. 

Mouse models of CKD can be used to study the pathways 
that contribute to thrombosis. The 5/6 nephrectomy has a 
high rate of mortality and has a relatively large inter-mouse 
variation. Surprisingly, a prolonged rather than a shortened 
occlusion time was observed in a photochemical induced 
carotid artery thrombosis model in a 5/6 nephrectomy 
mouse model of CKD (19). An alternative model of 
CKD is the adenine diet model. Adenine is converted to 
2,8-dihydroxyadenine by xanthine dehydrogenase and this 
precipitates in the kidney tubules leading to nephrolithiasis 
and renal dysfunction (20). One study found that a casein-
based diet blunted the smell and taste of adenine and made 
it more palatable (20). Mice fed the adenine diet for 8 weeks 
had a significant increase in blood urea (80–100 mg/mL), a 
doubling of plasma creatine and tubulointerstitial damage 
with infiltration of leukocytes (20). 

Chitalia and colleagues chose to established a new 
solute-specific mouse model with elevated levels of IS 
in the plasma (18). This model involved administration 
of IS in water together with the twice daily injection of 
probenecid, which inhibits OATs and IS excretion. Plasma 
levels of IS increased to ~55 and ~75 µg/mL at 2 and 5 days, 

respectively. However, it should be noted that this is not 
a model of CKD but rather a model of acute exposure to 
a uremic solute. Mice with elevated IS (IS mice) exhibited 
a significantly shortened time to occlusion in the ferric 
chloride carotid artery thrombosis model. Importantly, the 
AHR antagonist CH223191 increased the occlusion time 
in IS mice to the baseline of control mice (18). Similar 
results were observed by Chitalia and colleagues using a 
second uremic solute model that used L-kynurenine in 
place of IS (21). The Shashar paper (18) also presented 
data with an adenine diet model. Mice were fed the 
diet for 2 weeks, which is considerably shorter than the  
8 weeks reported in the paper describing this model (20). 
There was no data presented on tubulointerstitial damage 
or infiltration of leukocytes. Nevertheless, blood urea 
increased to ~100 mg/mL and plasma IS increased to  
~15 µg/mL, which is considerably lower than the level 
observed with administration of IS. Mice fed the adenine 
diet had a shortened time to occlusion in the ferric chloride 
carotid artery thrombosis model compared with controls 
and this was reversed with either CH223191. 

Finally, an anticancer agent was used to increase levels of 
STUB1. The compound 2-(4-hydroxy-3-methoxyphenyl)-
benzothiazole (YL-109) was shown to increase STUB1 
expression in the human breast cancer line MDA-
MD-231 via AHR (22). This is rather odd since an AHR 
agonist would also be expected to increase TF expression. 
Nevertheless, YL-109 increased STUB1 and decreased 
TF expression in the aortas of mice injected with IS (18).  
YL-109 also increased the occlusion time in the ferric 
chloride carotid arterys thrombosis model in mice given IS 
or fed the adenine diet. 

Inhibition of TF with a rat anti-mouse monoclonal 
antibody also prolonged the occlusion time in CKD mice. 
However, the antibody inhibits all sources of TF so this 
result simply shows that TF is involved in thrombosis 
in the ferric chloride carotid artery thrombosis model.  
YL-109 decreased the level of TF expression in the aortas of 
mice injected with IS. However, no controls were presented 
so it is unclear if IS increased TF expression in the aorta. 
Moreover, it would have been very helpful to know the 
levels of TF in the carotid arteries of control mice and also 
mice with elevated levels of IS or fed the adenine diet for 
5 days. This would support the notion that the shortened 
occlusion time in the ferric chloride thrombosis model is 
due to increased levels of TF expression in the vessel wall. 

We have shown that deletion of TF in VSMCs 
i s  a s s o c i a t e d  w i t h  a  s i g n i f i c a n t l y  p r o l o n g e d 
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occlusion time in the ferric chloride carotid artery 
thrombosis model (23). Since Chitalia and colleagues  
have focused on TF expression in VSMCs, it would be 
interesting to know if deletion of TF in these cells abolishes 
the shortened occlusion times observed in mice with 
elevated levels of IS or fed the adenine diet. 

There are a variety of mouse models of thrombosis that 
can be divided into arterial and venous models (24). The 
ferric chloride and photochemical induced carotid artery 
models are the most common arterial models but are 
associated with denudation of the endothelium. It would be 
interesting to see if there is increased thrombosis in venous 
models, such as the infrarenal stenosis and stasis models, in 
mice with elevated IS or fed the adenine diet. The role of 
myeloid TF and EC TF in any enhanced thrombosis could 
be evaluated using mice with cell type-specific deletion of 
TF (25). These studies may reveal roles for TF expression 
in ECs and/or leukocytes in thrombosis in the solute-
specific and CKD models. 

The identification of the uremic solute-AHR-TF 
axis is an exciting advance in our knowledge of possible 
mechanisms of thrombosis in CKD patients. AHR 
antagonists may represent a novel approach to reduce the 
risk of thrombosis in these patients.
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