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Abstract

Objective---—Arteriovenous fistulae (AVF) are the optimal conduit for hemodialysis access but 

have high rates of primary maturation failure. Successful AVF maturation requires deposition of 

extracellular matrix (ECM) including collagen and fibronectin, as well as orderly temporal 

regulation of ECM components. Transforming growth factor-β–activated kinase 1 (TAK1) is a 

mediator of non-canonical TGFβ signaling and plays crucial roles in regulation of ECM 

production and deposition; therefore, we hypothesized that TAK1 regulates wall thickening during 

AVF maturation by alteration of expression of components of the ECM.

Approach and Results---—In both human and mouse AVF, immunoreactivity of TAK1, c-Jun 

N-terminal kinase, p38, collagen-1 and fibronectin were significantly increased compared to 

control veins. Manipulation of TAK1 in vivo altered AVF wall thickening and luminal diameter; 

reduced TAK1 function was associated with reduced thickness and smaller diameter, whereas 

activation of TAK1 function was associated with increased thickness and larger diameter. Arterial 

magnitudes of laminar shear stress (20 dyne/cm2) activated non-canonical TGFβ signaling 

including TAK1 phosphorylation in mouse endothelial cells.

Conclusions---—TAK1 is increased in AVF, and TAK1 manipulation in a mouse AVF model 

regulates AVF thickness and diameter. Targeting non-canonical TGFβ signaling such as TAK1 

might be a novel therapeutic approach to improve AVF maturation.
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Introduction

The worldwide increase of chronic kidney disease has led to increased prevalence of end 

stage renal disease (ESRD) requiring life-long replacement of kidney function.1, 2 A 

functional high-flow vascular access for hemodialysis is the life-line for most patients with 

ESRD. Although arteriovenous fistulae (AVF) are the preferred conduit for hemodialysis, 

with superior patency and fewer complications compared with arteriovenous grafts and 

catheters,3–5 AVF are far from optimal with a high rate of primary failure of maturation,6, 7 

with some studies reporting up to 60% of AVF failing to support hemodialysis by 5 months.6

AVF maturation requires adaptive vascular remodeling to the dramatic hemodynamic 

changes that occur immediately after AVF creation. Immediately after creation of the 

arteriovenous anastomosis, the vein is exposed to a high flow, high shear stress, high 

pressure, and oxygen-rich arterial environment. Endothelial cells detect and respond to these 

dramatic hemodynamic changes by triggering cascades of signaling pathways that induce 

structural and functional changes to the vascular wall that stimulate venous wall thickening 

and lumen dilation.8, 9 This dramatic remodeling of the vein is essential in order to sustain 

the high flows necessary for supporting hemodialysis. Unfortunately, the molecular 

mechanisms that govern this aspect of venous adaptation remain poorly understood, 

hindering efforts to rationally design therapeutics that can increase fistula maturation.

Using a murine model of AVF that has previously been shown to recapitulate essential 

features of human AVF maturation,10 including an early maturation phase with progressive 

venous wall thickening and lumen dilation, we determine the role of transforming growth 

factor-β-activated kinase 1 (TAK1) in early AVF maturation. TAK1, also known as 

MAP3K7, is a key member of the TGF-β non-canonical signaling pathway that has been 

implicated as an important contributor to vascular development and injury-induced arterial 

remodeling.11–13 TAK1 activates downstream effectors such as p38 and c-Jun N-terminal 

kinase (JNK) to maintain endothelial cell (EC) homeostasis, induce the production and 

deposition of fibronectin and collagen, and regulate stress-activated cell signaling and 

survival .14–21 Since these are cellular functions that are also important for venous 

remodeling, we hypothesized that TAK1 regulates wall thickening and outward remodeling 

during AVF maturation.
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Materials and Methods

Data Disclosure

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Reagents and antibodies

5Z-7-oxozeaenol (OZ) (Millipore Sigma, 49610), which is an irreversible active site 

inhibitor of TAK1; TAK1 shRNA lentiviral particles (sc-36607-V, Santa Cruz, CA, USA), 

which contains 3–5 expression constructs each encoding target-specific shRNA designed to 

knockdown TAK1 gene expression; Control shRNA lentiviral Particles-A (sc-108080, Santa 

Cruz, CA, USA), containing scrambled shRNA; CopGFP control lentiviral particles 

(sc-108084, Santa Cruz, CA, USA); TAK1 lentiviral activation particles (m2) (sc-424044-

LAC-2, Santa Cruz, CA, USA), which is a CRISPR-based transcription activation construct 

packaged into a single lentivirus that upregulates endogenous TAK1; Polybrene® 

(sc-134220, Santa Cruz, CA, USA); Puromycin dihydrochloride (sc-108071, Santa Cruz, 

CA, USA).

Primary antibodies included: anti-α-actin (Abcam, ab5694; IHC and IF, 5μg/ml); anti-vWF 

(Abcam, ab11713; IF, 10μg/ml); anti-cleaved caspase-3 (Cell Signaling #9661; IHC, 1μg/

ml); anti-collagen I (Abcam, ab34710; IF, 5μg/ml); anti-fibronectin (Abcam, ab2413; IF, 

25μg/ml); anti-GAPDH (Cell Signaling #2118; WB, 0.021μg/ml); anti-proliferating cell 

nuclear antigen (PCNA) (Dako, #M0879; IF, 5μg/ml); phospho-TAK1 (Abcam, ab109404; 

WB, 0.018μg/ml); anti-TAK (ThermoFisher, PA5–20083; IF, 20μg/ml; WB, 2μg/ml); control 

rabbit IgG (Santa Cruz, sc-2027, 1–20 μg/ml). Antibodies were verified with Western blots 

showing a band at the anticipated molecular weight of the protein.

Secondary antibodies used for immunofluorescence (IF) were: donkey anti-goat Alexa-

Fluor-488, donkey anti-rabbit Alexa-Fluor-488, donkey anti-rabbit Alexa-Fluor-568, donkey 

antimouse Alexa-Fluor-568 and chicken anti-mouse Alexa-Fluor-488 conjugated antibodies 

from Invitrogen (2μg/ml). For IHC, sections were incubated with EnVision reagents for 1 h 

at room temperature and treated with Dako Liquid DAB+ Substrate Chromogen System 

(Dako). Finally, the sections were counterstained with Mayer’s hematoxylin.

Human AVF sample collection

This study was approved by the Human Investigation Committee of VA Connecticut and 

patients gave informed consent to use the samples. Deidentified vein and AVF samples were 

collected from patients with ESRD undergoing AVF creation or revision. Control veins and 

AVF were unmatched samples from different patients. The control veins were veins that did 

not have an AVF but were discarded as part of the operative procedure. The AVF were small 

mature AVF segments that were harvested during surgical revision procedures for focal 

stenoses but did not include the actual lesion itself. All the AVF were mature segments 

previously used for hemodialysis that were harvested at least 6 months after the original 

AVF creation procedure. Part of the samples were formalin fixed and paraffin embedded, 

and another part was frozen at −80°C.
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Animal Model

Ten-week-old male C57BL/6J mice (The Jackson Laboratory; Bar Harbor, ME) were used 

and maintained as previously described.22 Only male mice were used because of sex-

specific differences in AVF maturation, as previously reported in multiple clinical studies.
23–25 All animal experiments were performed in accordance with federal guidelines and Yale 

University Institutional Animal Care and Use Committee approval. Anesthesia was 

administered using 2–3% isoflurane, and post-operative pain control was provided for 48 

hours after surgery with 0.1mg/kg buprenorphine delivered intraperitoneally. AVF were 

created with a 25-gauge needle puncturing through the aorta into the IVC, as shown in figure 

I in the supplement, and as previously reported.10, 26 Successful creation of an AVF was 

confirmed by direct visualization of pulsatile arterial blood flow in the IVC, as well as 

elevated aortic diastolic flow on serial Doppler ultrasound. The venous limb of the AVF was 

harvested at baseline, or on post-operative days 7, 14 or 21. Only successfully matured AVF 

were used in this study; thrombosed AVF due to technical failure were excluded.

For chemical inhibition of TAK1, either OZ (10% DMSO in saline) or vehicle was 

administered at 0.5mg/kg daily for 7 days from the day of AVF creation to post-operative 

day 7. For lentiviral experiments (including lentiviral control particles, lentiviral TAK1 

shRNA or lentiviral TAK1 activation particles), 20 μL (1× 108 pfu/mL) of control, shRNA or 

activation particle lentivirus was mixed with 100 μL of 25% pluronic F-127 gel (Invitrogen, 

USA) and 0.2 μL Polybrene® (sc-134220) and applied periadventitially on the infrarenal 

IVC during the time of sham/AVF creation and incubated for 5 minutes prior to abdominal 

closure.

Doppler ultrasound (Vevo 770 High-Resolution Imaging System (Fujifilm VisualSonics; 

Toronto, Canada) with probe RMV70, 20–60 MHz) was performed at baseline and post-

operatively on days 7, 14 and 21 to confirm AVF patency and to measure the diameter of the 

aorta and IVC immediately inferior to the left renal vein (see figure I in the supplement), as 

previous reported.10

Cell culture

Mouse lung endothelial cells (EC) were prepared and cultured as previously described.27, 28 

The sex of EC used was not determined. Briefly, EC were cultured in endothelial basal 

medium 2 (EBM-2) with endothelial cell growth media-2 MV SingleQuot Kit Supplement & 

Growth Factors (Lonza), 20% FBS (Gibco) and 1% penicillin/streptomycin (Gibco), 2 mM 

L-glutamine (Corning Life Sciences).

In vitro TAK1 manipulation

EC at 50% confluence in 6 well plates were transduced with lentivirus (20 μL of 1× 108 

pfu/mL control, TAK1 shRNA or TAK1 activation particles with 0.2 μL Polybrene® 

(sc-134220) in Opti-MEM (ThermoFisher Scientific, MA)) after serum starvation for 6 

hours. After incubation for 6 hours, media was exchanged for full endothelial basal medium 

containing growth factors, 20% FBS and antibiotics as described above. After 24 hrs, the EC 

were replaced with fresh medium containing puromycin (2.0μg/ml; Santa Cruz, CA). After 

puromycin selection for 1 week, the cells were used for shear stress experiments.
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Laminar shear stress experiment

EC were seeded and cultured on collagen I-coated glass plates (StreamerTM Culture Slips, 

Flexcell Corporation) until approximately 80% confluent and then serum-starved for 24 hrs. 

In some experiments the EC were pre-treated with OZ (1 μM) or vehicle for 1 hr in 

incubator (37 °C, 5% CO2).. EC were exposed to laminar shear stress using a parallel-plate 

flow chamber with circulating EBM-2 medium (0% FBS, 37 ± 0.5 °C), as previously 

described.27 The magnitude of shear stress was set at 0 dynes/cm2, 3 dynes/cm2 or 20 

dynes/cm2. After 1 hour of shear stress treatment, slides were washed twice with cold PBS, 

EC were removed with RIPA lysis buffer and cell lysate extracted for further study.

Western Blot

Total protein in tissues or EC was extracted using RIPA Lysis Buffer (Beyotime); protein 

concentrations were assessed using a colorimetric assay (Bio-Rad; Hercules, CA). For 

immunoblotting, proteins (20–40 μg) were separated on a 8–10% SDS-PAGE gel and 

electrophoretically transferred to a polyvinylidene difluoride microporous membrane (0.45 

μm pore size, Immobilon, Millipore), and blocked in TBS-T containing 5% bovine serum 

albumin for 1 h at room temperature, then blotted with primary antibody of targeted proteins 

overnight at 4 °C on a shaker. After washing the membranes with TBS-T and incubating 

them with either anti-rabbit or anti-mouse horseradish peroxidase-conjugated secondary 

antibody for 1 h at room temperature, the membranes were developed using the Western 

Lightning Plus ECL reagent (PerkinElmer; Waltham, MA). Where needed, membranes were 

stripped with Restore Western Blot Stripping Buffer (Pierce Biotechnology; Rockford, IL) 

and re-probed as described above.

RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction

Total RNA was isolated from tissue by using RNeasy Mini Kit with digested DNase I 

(Qiagen; Valencia, CA). RNA quality was confirmed using a NanoDrop spectrophotometer 

at the 260/280nm ratio (Thermo Scientific; Wilmington, DE). Reverse transcription was 

performed using SuperScript III First-Strand Synthesis Supermix (Invitrogen). Real-time 

PCR was performed using iQ SYBR Green Supermix (Bio-Rad) and amplified for 40 cycles 

using the iQ5 Real-Time PCR Detection System (Bio-Rad). Correct target amplification and 

exclusion of nonspecific amplification was confirmed by 1.5% agarose gel electrophoresis 

and melt curve analysis. Primers of mouse TAK1 are as following: forward primer: 

GTGGGGGACGAGTACGAGAT, reverse primer: TGGTCACCACATCAAAAGCAT. 

Primers for mouse β-actin: forward primer: GGCTGTATTCCCCTCCATCG, reverse primer: 

CCAGTTGGTAACAATGCCATGT. All samples were normalized to β-actin amplification 

and graphed in relative units.

Histology

Mouse AVF samples were obtained after flushing with cold PBS followed by 10% 

neutralized buffered formalin. The tissue block was then embedded in paraffin, cut in 5 μm 

cross-sections, with 3–5 consecutive sections mounted onto each glass slide. Sections were 

obtained from 50 through 150 um cranial to the arteriovenous anastomosis where the 

remodeled vein is more uniform. IVC sections from sham experiments were obtained 
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approximately 5 mm cranial to the aortic bifurcation. Hematoxylin and eosin (H&E), 

Masson’s trichrome, and Elastin Von Gieson (EVG) staining were used to observe 

morphology. Wall (intima-media) thickness was measured in one section per sample using 

ImageJ software (National Institutes of Health; Bethesda, MD) by taking the average of 

thickness measured at 8 points around the vessel circumference, as previously described.
10, 29

Immunofluorescence

Tissue sections were de-paraffined using xylene and a graded series of alcohols. For antigen-

retrieval, sections were heated in citric acid buffer (pH 6.0) at 100°C for 10 minutes. After 

washing, sections were blocked with 5% normal goat serum in PBS (pH 7.4) for 1 hr at 

room temperature to block non-specific protein binding sites. Sections were then incubated 

at 4°C with the primary antibody. Negative controls included incubation in blocking buffer 

without primary antibody, or with isotype control immunoglobulin, and were performed 

with each experiment to rule out false positive results. After overnight incubation, sections 

were incubated with second antibodies for 1hr at room temperature. Secondary antibodies 

were: donkey anti-rabbit Alexa-Fluor-488 and donkey anti-rabbit Alexa-Fluor-568 

conjugated antibodies (Invitrogen; Carlsbad, CA). Sections were stained with 4’,6-

diamidino-2-phenylindole (DAPI) (Invitrogen) to stain cellular nuclei. Positively staining 

cells were counted in the presence of well-defined nuclei per high power field. The 

integrated density of matrix (collagen I and Fibronectin) expression in the vessel wall was 

analyzed using ImageJ software (National Institutes of Health; Bethesda, MD), and reflects 

the total fluorescence within the region-of-interest.

Statistical Analysis

Data was collected and measured by a single, non-blinded observer. Data are represented as 

mean ± SEM. All data was analyzed using Prism 7 software (GraphPad Software; La Jolla, 

CA). Data were assumed to be from a normal distribution with equal variance, as suggested 

by normality (D’Agostino & Pearson test or Shapiro-Wilk test) and F tests. Statistical 

significance for these analyses was determined using Student’s t-test, or ANOVA (with 

repeated measures for time-series data) with the Sidak post hoc correction. P values of less 

than 0.05 were considered statistically significant.

Results

1. TAK1 expression is increased in human AVF

Since TAK1 regulates production and deposition of collagen I and fibronectin 11, 12, 14–16, 30, 

we hypothesized that TAK1 would be expressed in successfully matured AVF. Mature AVF 

and veins from patients undergoing surgical revision were analyzed. AVF exhibited 

significantly increased wall (intima-media) thickness and outward remodeling (lumen 

dilation) compared to control veins (Figure 1A), as required to accommodate the increased 

blood flow to achieve successful hemodialysis. There was increased immunoreactivity of 

total and phosphorylated TAK1, and its downstream signaling effectors JNK and 

p3817, 19, 31 in the mature AVF compared to the control vein (Figure 1B), without change in 

phospho:total TAK1 (Figure IIA in the supplement). In addition, there was also increased 
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expression of Akt1 and ERK1/2 (Figure IIA in the supplement). Increased TAK1 expression 

was present both in endothelial cells (EC) as well as in smooth muscle cells (SMC) (Figure 

1C). There was also increased collagen deposition in mature human AVF in all 3 layers of 

vessel wall on trichrome stain (Figure IIB in the supplement). Using immunofluorescence, 

total collagen I immunoreactivity was increased in both the intima and media of mature AVF 

compared to control veins (Figure 1D). Similarly, total fibronectin immunoreactivity was 

also increased in AVF compared to control, but the increase in the medial layer did not reach 

statistical significance (Figure 1E). These results show that increased immunoreactivity of 

TAK1 and its downstream effectors correlate with increased total collagen and fibronectin 

deposition in mature human AVF.

2. TAK1 expression is increased in mouse AVF

We next determined whether TAK1 was also expressed in mouse AVF. TAK1 mRNA 

expression was significantly increased in the mouse AVF (day 21) compared to both baseline 

IVC (day 0) and sham IVC (day 21) (Figure IIIA in the supplement). Immunoreactivity of 

phospho and total TAK1, JNK, and p38 as well as Akt1 and ERK1/2 were significantly 

increased in mouse AVF compared to sham at day 21, without change in phospho:total 

TAK1 (Figure 2A, Figure IIIB in the supplement). Increased TAK1 immunoreactivity was 

observed in both EC and in SMC (Figure 2B), and both total collagen I and fibronectin 

immunoreactivity were also increased in mouse AVF compared to sham (day 21; Figure 2C–

D). These results are similar to those in human patients (Figure 1) and suggest that TAK1 

might be a mechanism that regulates AVF maturation.

3. TAK1 manipulation mediates AVF wall thickening and diameter in vivo

We next determined whether TAK1 mediates AVF maturation by manipulating TAK1 

activity in vivo. We treated mice with 5Z-7-oxozeaenol (OZ), a chemical compound that 

irreversibly binds to the ATP binding sites of TAK1, thereby selectively inhibiting TAK1 

kinase activity,32, 33 or control vehicle for 7 days from the day of surgery. Mice treated with 

OZ showed decreased AVF wall (intima-media) thickness compared with control AVF 

treated with vehicle alone at 21 days post-op (Figure 3A). There was also less AVF dilation 

in mice treated with OZ compared to control mice (Figure 3B) while the aortic diameter 

remained unchanged (Figure IVA in the supplement). The reduced AVF wall thickness in 

mice treated with OZ was characterized by reduced proliferation (Figure 3C) without 

increased apoptosis (Figure 3D). In addition, there was reduced total collagen I (Figure 3E) 

and reduced total fibronectin (Figure 3F) immunoreactivity within the vessel wall of mice 

treated with OZ compared to vehicle. OZ treatment did not affect macrophage infiltration 

into the venous wall (day 21; Figure VA in the supplement).

We next reduced TAK1 signaling by treating AVF with lentivirally delivered TAK1-specific 

shRNA applied periadventitially in pluronic gel during the time of surgery. We first 

confirmed in vitro that TAK1-specific shRNA reduced TAK1 protein expression in EC 

(Figure VI in the supplement). Because our lentiviral constructs were not fluorescently-

tagged, we used periadventitial application of GFP lentiviral particles to confirm that 

lentivirus delivered transgenes into the whole vessel wall, including the intima (Figure VII in 

the supplement), consistent with prior reports.27, 34
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Treatment with TAK1-specific shRNA in vivo resulted in significantly reduced wall 

thickening (Figure 3G) and AVF diameter (Figure 3H) compared to controls, without any 

significant effect on aortic diameter (Figure IVB in the supplement). Treatment with TAK1-

specific shRNA was also associated with reduced proliferation (Figure 3I) without any 

increase in apoptosis (Figure 3J), as well as reduced total collagen 1 (Figure 3K) and total 

fibronectin (Figure 3L) immunoreactivity within the vessel wall. Macrophage infiltration 

was unaffected by TAK1-specific shRNA treatment (Figure VB in supplement).

We next determined the effects of increased TAK1 expression, using TAK1 lentiviral 

activation particles to overexpress TAK1 (Figure VIB in the supplement). Overexpression of 

TAK1 using lentiviral activation particles by periadventitial transduction in vivo was 

associated with increased wall thickening (Figure 3M) as well as increased AVF diameter 

(Figure 3N), without significant change in aortic diameter (Figure IVC in the supplement), 

compared to control lentivirus. TAK1 overexpression was also associated with increased 

proliferation (Figure 3O) without decreased apoptosis (Figure 3P), as well as increased total 

collagen 1 (Figure 3Q) and fibronectin (Figure 3R) immunoreactivity in the vessel wall. 

Macrophage infiltration was unaffected by TAK1 overexpression (Figure VC in 

supplement).

This data shows that reducing or increasing TAK1 signaling results in opposing changes in 

wall thickness, suggesting that TAK1 signaling mediates wall thickening during AVF 

maturation.

5. Increased shear stress mediates TAK1 phosphorylation in EC in vitro

We next determined whether increased shear stress could be a mechanism for increased 

TAK1 signaling within endothelial cells, since increased shear stress is an important 

stimulus of vascular wall remodeling that characterizes AVF maturation.35–38 We treated 

mouse endothelial cells (EC) with venous or arterial magnitudes of shear stress in vitro and 

examined TAK1 signaling (Figure 4).

EC showed a low amount of TAK1 phosphorylation under both static conditions as well as 

with venous (3 dyne/cm2) magnitudes of shear stress (Figure 4A,C,D). In contrast, arterial 

(20 dyne/cm2) magnitudes of shear increased TAK1 phosphorylation by 3-fold (Figure 

4C,D). Interestingly, the arterial shear-stress mediated increase in TAK1 phosphorylation 

was blocked with administration of the TAK1-specific inhibitor OZ (Figure 4C,D), but 

without affecting total TAK1 levels (Figure 4B); this is consistent with other in vitro studies 

that show OZ-mediated reduction in phospho-TAK1 immunoreactivity,39, 40 and might 

reflect inhibition of TAK1 autophosphorylation by OZ.32 Signaling molecules downstream 

of TAK1 such as JNK and p38 were similarly activated with increased phospho-to-total 

ratios (6-fold, and 4.5-fold respectively) under arterial shear stress, which were reduced to 

baseline levels with OZ (Figure 4E,F). Administration of TAK1-specific shRNA knocked 

down total TAK1 as well as phospho-TAK1 levels (Figure 4G–I) without affecting 

phospho:total TAK1 (Figure 4J). The decrease in both total and phospho-TAK1 levels was 

associated with decreased shear-stress-stimulated phospho:total JNK, and p38 

immunoreactivity (Figure 4K,L). On the other hand, increasing total TAK1 via use of 

lentiviral TAK1 activation particles (Figure 4M–O) similarly led to accentuation of shear-
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stress mediated increases in phospho:total TAK1, JNK and p38 (Figure 4P–R). Arterial 

magnitudes of shear stress also increased eNOS, Akt1 and ERK1/2 phosphorylation, and 

this was inhibited either by OZ or TAK1-specific shRNA, and increased further with TAK1 

activation particles (Figure VIII in the supplement).

This data is consistent with arterial magnitudes of shear stress increasing TAK1 

phosphorylation as well as phosphorylation of its downstream effectors in EC; inhibition of 

TAK1 blunts these responses while TAK1 overexpression augments these responses. These 

results suggest that TAK1 activation in endothelial cells regulate shear stress-induced 

signaling and thus may be an important mechanism of AVF maturation.

Discussion

This paper establishes a role for TAK1 signaling in AVF maturation. We show that TAK1 

immunoreactivity is increased in mature human and mouse AVF, and is associated both with 

increased wall thickening, and increased outward remodeling. TAK1 signaling is increased 

by arterial magnitudes of shear stress in endothelial cells in vitro, suggesting that AVF-

induced hemodynamic alterations are an important mechanism of increased TAK1 signaling 

within the endothelium in vivo. Therefore, this data suggests a novel and critical role of 

TAK1 signaling during AVF maturation.

TAK1 signaling plays a critical role in diverse aspects of physiology and pathology from 

regulating immune function41, 42 and cardiovascular development and hypertrophy12, 43–47 

to mediating tumor proliferation48, 49 and development of chemoresistance.50 This might be 

due in part to TAK1’s important roles in regulating cell survival, proliferation, and fibrosis.
14–1651, 52 Therefore, our data showing that TAK1 is important for AVF maturation, a 

process that requires cellular proliferation and ECM deposition, is consistent with TAK1’s 

known functions.

Although TAK1 immunoreactivity was increased in both EC and SMC in the AVF, the 

TAK1-triggered signal transduction pathways and endpoints are likely different for the two 

cell types. For example, the data showing the effects of TAK1 inhibition or activation with 

proliferation and ECM deposition (Figure 3) likely represent an SMC-specific response to 

TAK1 manipulation, as most PCNA positive cells were SM-actin positive, and medial ECM 

synthesis and deposition are largely secreted by SMC.53 Consistent with prior studies 

showing that TAK1 activity is required for growth-factor induced proliferation of airway 

smooth muscle cells54 and TAK1’s role in ECM deposition,14–16 our data suggests that 

TAK1 signaling also mediates AVF-induced SMC proliferation and might regulate collagen 

1 and fibronectin expression. The role of increased TAK1 signaling within EC during AVF 

maturation is less clear, but recent studies showing that TAK1 inhibits inflammation-induced 

EC cell death55, 56 suggest that increased TAK1 in EC might serve a protective mechanism 

within the inflammatory environment of AVF maturation. It is important to note that while 

we can conclude from our experiments that altering TAK1 within the vascular wall mediates 

wall thickening, we were unable to determine in our mechanistic studies the relative 

contributions of TAK1 signaling within each cell type to AVF maturation. This is because 

our lentiviral constructs were driven by universal promoters, and the transduction efficiency 
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of each construct within each cell type could not be easily determined as the constructs were 

not tagged. Given the distinct physiologic roles of EC and SMC in AVF maturation, 

determining the impact of cell-specific TAK1 manipulation on venous remodeling will be an 

interesting point of future study.

Our in vitro shear stress data shows that arterial magnitudes of shear stress activates TAK1 

(Figure 4), suggesting one possible mechanism of increased TAK1 signaling in endothelial 

cells in vivo. However, this finding differs from a prior study that showed TAK1 signaling 

was decreased with arterial shear stress.57 This discrepancy could be due to several factors: 

whereas we investigated TAK1 activity under acute (1 hour), serum-starved conditions in 

mouse lung endothelial cells, Lee et al.57 performed their investigations under chronic (48 

hours), stressed (oxidative stress + TGFβ1 stimulation) and growth factor rich (20% fetal 

bovine serum) conditions in human umbilical vein endothelial cells. Our results are 

consistent with other reports that shear stress induces TGFβ secretion in vitro;58–60 this 

increased TGFβ would be expected to subsequently stimulate downstream TGFβ signaling, 

resulting in increased TAK1 signaling as seen in Figure 4. Although it is not clear which in 
vitro experimental model best recapitulates the in vivo endothelial environment during AVF 

creation and maturation, our model has the advantage that it is consistent with the increased 

TAK1 seen in vivo in mouse and human AVF (Figures 1 and 2). The mechanism by which 

TAK1 signaling is increased in SMC remains unclear, but it is possible that shear-stress 

mediated release of TGFβ by EC also stimulates SMC TGFβ signaling in a paracrine 

fashion. Since shear stress also induces release of other SMC mitogens and chemoattractants 

(PDGF-BB and IL-1 alpha) from EC in vitro,38 it is possible that shear stress-mediated EC 

signaling may trigger and regulate vascular remodeling during AVF maturation in vivo.8, 9

Lastly, our endothelial cell experiments also suggest JNK and p38 as downstream effectors 

of shear-stress induced TAK1 activation (Figure 4). These data show that the activation 

states of JNK and p38, represented by their respective phospho:total levels, are proportional 

to the amount of phosphorylated TAK1 (pTAK1/GAPDH), since the lentiviral manipulations 

alter total TAK1 levels without influencing its shear-stress dependent activation 

(phospho:total TAK1). These results are subtly different from the in vivo data (Figure 1B 

and 2A), which suggest that increased phosphorylated TAK1, JNK and p38 in the AVF were 

driven by mass effect via increased total TAK1, JNK and p38 levels. However, it is 

important to note that our Western blots in vivo have limited sensitivity for detection of 

endothelial cell-specific signaling since those assays were performed on proteins isolated 

from whole vessel walls, of which endothelial cells are a minority cell population. Thus, 

whether there is also increased phospho:total TAK1, JNK and p38 in endothelial cells in 
vivo in the AVF wall, as suggested by the in vitro studies, will be an important point of 

future work.

In summary, TAK1 regulates AVF maturation in a mouse model. This data suggests that 

manipulation of the non-canonical TGFβ signaling pathway such as TAK1 may be a novel 

approach to improving clinical AVF maturation.

Hu et al. Page 10

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Sources of Funding

This work was supported the National Institutes of Health Grants R01-HL-128406 and R01-HL-144476, the United 
States Department of Veterans Affairs Biomedical Laboratory Research and Development Program Merit Review 
Award I01-BX002336, as well as through the resources and use of facilities at the Veterans Affairs Connecticut 
Healthcare System (West Haven, CT).
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AVF arteriovenous fistulae

ECM extracellular matrix

TGF-β transforming growth factor-β

TAK1 transforming growth factor-β–activated kinase 1

ESRD end stage renal disease

CKD chronic kidney disease

HD hemodialysis

EC endothelial cell

SMC smooth muscle cells

JNK c-Jun N-terminal kinase

DAPI 4’,6-diamidino-2-phenylindole

OZ 5Z-7-oxozeaenol

eNOS endothelial nitric oxide synthase
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Highlights

• TAK1 is upregulated in human and mouse mature arteriovenous fistulae 

(AVF).

• TAK1 regulates AVF maturation in vivo, and increasing TAK1 activity 

increases both AVF wall thickening and diameter.

• Mouse endothelial cells exposed to arterial magnitudes of laminar shear stress 

show increased TAK1 signaling.
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Fig 1. TAK1 is upregulated in human mature AVF.
(A) Representative human control vein (left) and human matured AVF (right) by Elastin 

Von Gieson (EVG) staining (n=3 for each group), scale bar, 500 μm. Adjacent bar graphs 

showing wall thickness and vessel dilation by lumen area in the human control vein and 

matured AVFs (p=0.0002, wall thickness; p=0.0043, lumen area). (B) Representative 

Western blots and adjacent graphical quantification showing increased p-TAK1 (p=0.0076), 

TAK1 (p=0.065), p-JNK (p=0.0008), JNK (p=0.0017), p-p38 (p=0.0134), p38 (p=0.0032) 

(n=3 each). (C) Representative immunofluorescence images showing the venous limbs of 

human mature AVF and control vein, scale bar 25 μm. Adjacent bar graphs show increased 
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expression in endothelial cells (n=3 each; p=0.0091), and smooth muscle cells (n=3; 

p=0.0015). (D) Representative images showing expression of collagen I in human mature 

AVF, compared to control veins without AVF (dash lines showing internal elastic lamina); 

scale bar, 100 μm. Adjacent bar graphs show quantification of collagen I in the intima or 

media in each group (n=3 each; p<0.0001 in intima and p=0.0015 in media). (E) 
Representative images showing expression of fibronectin in human mature AVF, compared 

to control veins without AVF; scale bar, 100 μm. Adjacent bar graphs show quantification of 

fibronectin in the intima or media in each group (n=3 each; p<0.0001 in the intima). 

Statistical tests used: Student’s t test.
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Fig. 2. TAK1 is upregulated during AVF maturation in a mouse AVF model.
(A) Representative Western blot images and quantitative data showing increased protein 

expression of p-TAK1 (p=0.015), TAK1 (p=0.0012), p-JNK (p=0.0027), JNK (p=0.0051), p-

p38 (p=0.0056), p38 (p=0.0099), in AVF, normalized to GAPDH (n=3). (B) Representative 

images showing TAK1 expression in the IVC of sham-operated mice or AVF (n=4); scale 

bar, 100 μm. Adjacent bar graphs show expression of TAK1 in the endothelial cells (n=4; 

p=0.0019, t test) or SMC (n=4; p=0.0026). (C) Representative images and summary bar 

graph showing expression of collagen I in AVF (day 21), compared to IVC (n=3; p=0.0016), 

scale bar, 100 μm. (D) Representative images and summary bar graph showing expression of 

fibronectin in AVF and IVC (n=3; p=0.0056), scale bar, 100 μm. Statistical tests used: 

Student’s t test.
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Fig.3. manipulation regulates AVF wall thickening and dilation during AVF maturation.
(A) EVG stains demonstrating AVF thickening in vehicle treated or 5Z-7-oxozeaenol (OZ) 

treated mice at post-op day 21 after AVF. Yellow arrowheads show the medial-adventitial 

boundary. Adjacent bar graph shows group wall thickness (n=4; p=0.0326). (B) Fold-change 

in infrarenal IVC diameter after AVF in DMSO-injected or OZ-injected mice (n=20; p=0.02 

at day 14, p=0.02 at day 21). Adjacent bar graph shows IVC diameter at day 21, (n=10; 

p=0.01). (C) PCNA immunofluorescence images in AVF of DMSO or OZ-treated IVC at 

day 21. Summary bar graph shows percentage of PCNA positive cells (n=10, p<0.01). (D) 
Caspase-3 immunofluorescence images in AVF of DMSO or OZ-treated IVC at day 21. 

Summary bar graph shows percentage of caspase-3 positive cells (n=10, p=0.31). (E) Col1 

immunofluorescence images in AVF of DMSO or OZ-treated IVC at day 21. Summary bar 

graph shows integrated density of col1 within vascular wall (within dashed line) (n=6, 

p<0.01). (F) Fibronectin immunofluorescence images in AVF of DMSO or OZ-treated IVC 

at day 21. Summary bar graph shows integrated density of Fn within vascular wall (within 

dashed line) (n=10, p<0.01). (G-L) Similar experiments with periadventitially-delivered 

control (scrambled) shRNA or TAK1-specific shRNA. Compared to control, TAK1 shRNA 

treated animals at day 21 have (G) decreased wall thickness (n=10, p=0.02), (H) decreased 

luminal diameter (n=16; for line graphs: p=0.03 at day 14; p=0.01 at day 21; for bar chart: 

p=0.0195), (I) reduced PCNA (n=10, p=0.01), (J) unchanged caspase-3 (n=10, p=0.45), (K) 
decreased col1 (n=10, p<0.01), and (L) decreased fibronectin (n=10, p<0.01). (M-R) Similar 
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experiments with periadventitially-delivered control lentivirus or lentivirus carrying TAK1 

activation particles (TAK1act). Compared to control, TAK1act AVF at day 21 have (M) 
increased wall thickness (n=12, p=0.04), (N) increased luminal diameter (n=24; for line 

graphs: p=0.23 at day 14; p=0.02 at day 21; for bar chart: p=0.04), (O) increased PCNA 

(n=10, p=0.04), (P) unchanged caspase-3 (n=10, p=0.4), (Q) increased col1 (n=10, p<0.01), 

and (R) increased fibronectin (n=10, p<0.01). Scale bars are 100μm. Data are presented as 

mean ± SEM. Statistical tests: Student’s t test for bar graphs; Repeated measures 2-way 

ANOVA with Sidak’s post-hoc test for line graphs.
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Figure 4. Increased shear stress mediates TAK1 phosphorylation in EC in vitro.
(A) Representative Western blots show expression of p-TAK1, TAK1, p-JNK, JNK, p-p38 

and p38, and GAPDH in mouse lung EC under 0 (resting), 3 dyne/cm2 (venous) or 20 

dyne/cm2 (arterial) laminar shear stress, with or without OZ pretreatment compared to 

DMSO. (B-F) Summary densitometry from n=3 independent experiments. (G-L) Similar 

experiments with EC treated with control (scrambled) shRNA or TAK1-specific shRNA 

with corresponding summary data (n=3). (M-R) Similar experiments with EC treated with 

control or TAK1 activation particle (TAK1act) carrying lentivirus with corresponding 

summary data (n=3). Data are presented as mean ± SEM. Comparisons were made using the 

two-way ANOVA with Tukey’s post hoc tests. *p<0.05, **p<0.01, ***p<0.001.
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