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Abstract
Arteriovenous fistula (AVF) is created in end-stage renal disease patients 
for hemodialysis. AVF maturation failure is a common complication 
due to thrombosis and stenosis of the vessels involved in AVF. Chronic 
inflammation along with perivascular cuffing plays a critical role in 
AVF maturation failure. Luminal as well as periluminal factors with the 
involvement of transcription and epigenetic factors play a critical role in 
AVF maturation failure. Our previous study reported MYOD1, a factor 
associated with muscle regeneration and increased with muscle injury, as 
a significantly increased transcription factor in AVF arteries compared 
to control. This study aims to characterize the perivascular and vascular 
AVF tissues for the expression of MYOD1, mediators of inflammation, 
immune cell markers, and apoptosis markers with the hypothesis that 
muscle injury mediates the recruitment of immune cells and activation 
of apoptosis leading to increased apoptosis and vascular thrombosis 
and fibrosis of perivascular structures. Previously collected tissues from 
Yucatan miniswine were stained and analyzed, and the results revealed 
increased expression of mediators of inflammation, immune cell markers, 
and apoptosis markers in association with increased MYOD1 expression. 
The findings suggest an interaction between the expression of perivascular 
factors and luminal factors, but further investigations using in-vitro studies 
are needed to establish this relationship.
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Introduction
Arteriovenous fistula (AVF) is an artificial connection made surgically 

to connect the artery and vein. Its main purpose is to serve as an access 
site for patients who need long-term hemodialysis (HD). Patients who are 
nearing end-stage renal disease (ESRD) are recommended to get this surgical 
procedure done around 6 months before HD is started [1]. Even with this 
recommendation, around 62.5% of patients starting on HD exclusively use a 
central venous catheter (CVC) to receive treatments. CVCs put a patient at a 
higher risk of blood infections. Combined with their medical history (obesity, 
type 2 diabetes, chronic kidney disease, or renal failure), sole use of CVC 
for dialysis puts them at a higher mortality risk. While the AVF is ideal for 
long-term vascular access, it also comes with post-surgical complications and 
a maturation rate of only 67% at 6 months [2]. Outflow vessel obstruction 
caused by stenosis, thrombosis, and failure to reach maturity accounts for 
20-54% of primary AVF failure cases [3]. Our previous studies suggest that
perivascular cuffing in the presence of inflammation contributes to AVF
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failure [4,5]. Fistulas that do not reach maturation cannot 
be used for HD. The National Kidney Foundation’s Kidney 
Dialysis Outcomes Quality Initiative (NKF KDOQI) defines 
maturation of AVF in humans by the following criteria: 
fistula blood flow of 600 mL/min, vein diameter of 6 mm, and 
depth of 2 mm below the skin [6]. Many factors are involved 
in the functional maturation of AVFs, however, younger 
patients, low BMI, male, and without vascular diseases or 
diabetes are likely to have a higher rate of AVF maturation 
[6]. Stenosis, the narrowing of an artery, is related to the 
inward modeling of the vessel’s neointimal layer, which can 
significantly reduce lumen size and blood flow. This process, 
often triggered by inflammation following AVF surgery, is 
initiated by the release of cytokines from damaged tissues and 
muscles at the surgical site [7]. Narrowing of vessels results in 
increased blood pressure, which over time causes shear stress 
and arterial injury that exacerbate further inflammation and 
remodeling in the area. Thrombosis is another major cause 
of AVF failure and is driven by Virchow’s Triad (endothelial 
injury, hypercoagulability, and stasis of blood flow). Chronic 
inflammation after the surgery in addition to comorbidities 
in ESRD patients further increases the risk of atherosclerotic 
plaque, thrombosis, and eventually AVF failure [4,8-10]. 

Inflammation after AVF creation may be due to vascular 
factors as well as perivascular factors such as muscle 
exploration/injury during AVF creation (as in the case of AVF 
creation involving femoral vessels in swine because of the 
deeper locations off femoral vessels), changed metabolomics, 
oxidative stress, or decreased blood supply (ischemia) after 
AVF creation [11,12]. These changes in muscles adjoining 
vessels may affect AVF maturation. After surgery, myogenic 
differentiation level 1 (MYOD1) rapidly increases due to 
muscle injury as reflected in our findings previously [4,9]. 
This can be as early as 6 hours, with peak levels at 24-48 
hours post-surgery. Thus, it can be said that MYOD1 is an 
early marker in muscle injury and regeneration. The increase 
in MYDO1 expression is primarily observed in mononuclear 
cells in the injured muscle tissue, and surprisingly, these cells 
are usually located away from the direct site of injury. This is 
because MYDO1 is expressed in satellite cells, which are also 
known as muscle stem cells that eventually proliferate into 
skeletal muscle cells [13]. While MYOD1 is widely known 
to be a transcription factor (TF) itself, it also can recruit other 
TFs like c-Jun, Jdp2, Meis, and Runx1 to enhancer regions in 
muscle-related genes, which promotes muscle development 
[14]. The role of these TFs in AVF maturation has been 
discussed [4,9]. This study aims to characterize the AVF 
tissues collected from an ongoing study for the expression of 
MYOD1 and its association with apoptosis.

Material and Methods
Tissues: AVF tissues collected from Yucatan miniswine 

being used for other studies in our laboratory (IACUC # 

R20IACUC038) [4,8,9,15] were used in this study. Femoral 
arteries from the control group and swine treated with 
TAK-242, an inhibitor of toll-like receptor-4 (TLR-4) [8]. 
Additionally, the tissues surrounding AVF (perivascular 
tissue) were also used for the expression of MYOD1. 

Immunohistochemistry: Arteriovenous fistula (AVF) 
tissues embedded in paraffin for long-term preservation were 
sectioned using a Leica microtome to make 5μm sections 
placed on a glass slide and baking at 60°C for one hour. 
The sections were deparaffinized using xylene and then 
rehydrated through a graded ethanol series (100%, 95%, 
80%, 70%) before being rinsed in deionized water. Antigen 
retrieval was achieved using a 1% citrate buffer. The slides 
were washed with phosphate-buffered saline (PBS) for 5 
minutes, and the tissue samples were circumscribed with 
a paraffin wax pen. The slides were then incubated in a 
1% hydrogen peroxide (H₂O₂) solution for 15 minutes and 
washed twice with PBS for 5 minutes each. The blocking 
was performed using a blocking solution and incubated for 
one hour at room temperature. After removing the blocking 
solution, primary antibodies (Caspase-1 (ThermoFisher 
#14F468), Caspase-3 (Cell Signaling, 8G10 Rabbit mAb 
#9665), CD16 (ThermoFisher ASH 1975), IL-18 (Abcam, 
ab223293), neural cell adhesion molecule 1 (NCAM1) 
(Abcam, ab75813), MYOD1 (NovusBio NB100-56511), and 
interferon (IFN)-γ (AbCam ab9567)) with 1:50 dilution were 
applied to the tissues, followed by overnight incubation at 
4°C. Post-incubation, the slides were washed twice with PBS, 
and the corresponding secondary antibody (Vectastain ABC 
kit) was added and incubated for one hour. The slides were 
then washed again before the ABC solution was applied, 
with a subsequent 30-minute incubation. An AEC solution 
was added for 2 minutes until a red color developed. The 
slides were then counterstained with hematoxylin, rinsed 
with water, and allowed to air dry before being mounted with 
Cytoseal. All stained sections were scanned at 200X using a 
light microscope (Leica DM6). 

Polymerase chain reaction: Prior to performing 
PCR, cDNA was synthesized from mRNA isolated 
from AVF tissues collected in RNA later using TRIZOL 
(MilliporeSigmaT9424). Quantitative real-time PCR (qRT-
PCR) was conducted with the following cycling parameters: 
initial denaturation at 95°C for 5 minutes, followed by 40 
cycles of denaturation at 95°C for 30 seconds, annealing 
at 55–60°C for 30 seconds, and extension at 72°C for 30 
seconds. This was followed by a melting curve analysis. 
Reactions were performed in triplicate using SYBR Green 
Master Mix and a CFX96 Real-Time PCR system (BioRad 
Laboratories, Hercules, CA, USA). The primers used in this 
study were purchased from Integrated DNA Technologies 
(Table 1). Data was normalized to the expression of the 18S 
rRNA housekeeping gene and fold change in gene expression 
was calculated using 2-^^CT.
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in gene expression of MYOD-1, IFN-γ, IL-18, caspase-1, and 
caspase-7 was significantly decreased in TAK-242-treated 
arteries compared to vehicle-treated arteries (Figure 1). 

Immunostaining (IHC) revealed significantly 
increased expression of MYOD1, CD-16, and NCAM-1 
in vehicle-treated AVF tissues: IHC of tissues around AVF 
showed increased MYOD1 expression in tissues surrounding 
AVF (perivascular) treated with vehicle control compared to 
TAK-242 treated AVF injected during AVF creation (Figure 
2 panels A-C). In the arteries treated with vehicle control, 
the expression of CD-16 and NCAM-1 was significantly 
increased compared to control arteries (Figure 2 panels D-K). 
The expression of CD-16 in TAK-242 treated arteries was 
significantly decreased compared to vehicle-treated arteries 
(Figure 2 panel G) while the expression of NCAM-1 was 
significantly increased compared to control arteries (Figure 
2 panel K).

Immunostaining (IHC) revealed significantly 
increased expression of IFN-γ and IL-18 in vehicle-treated 
AVF tissues: IHC of the arteries treated with vehicle control 
revealed significantly increased expression of IFN-γ and IL-
18 compared to control arteries (Figure 3 panels A-H). The 
expression of IFN-γ (Figure 2 panel D) and IL-18 (Figure 

Statistical analysis
The data are presented as mean ± SD. To compare the 

fold-change in gene expression between the two groups 
Student’s t-test was used for statistical analysis. A p-value 
of <0.05 was considered statistically significant. Significance 
levels are indicated as follows: * p < 0.05, ** p < 0.01,  
*** p < 0.001, and **** p < 0.0001.

Results
Gene expression analysis revealed increased 

expression of factors associated with muscle regeneration, 
inflammation, and apoptosis: Real-time polymerase chain 
reaction for the fold change in gene expression in femoral 
arteries (FA) without any intervention (contralateral femoral 
artery), FA treated with vehicle control and TLR-4 inhibitor 
TAK-242 revealed significantly increased expression 
of MYOD-1, IFN-γ, IL-18, Caspase-3, caspase-1, and 
caspase-7 in arteries treated with vehicle control compared 
to contralateral and TAK-242 treated arteries (Figure 1, 
panels A, C-G, respectively). The expression of CD-16 was 
significantly higher in vehicle-treated and TAK-242-treated 
arteries compared to control and in TAK-242 treated compared 
to vehicle-treated arteries (Figure 1 panel B). The fold change 

Gene Name Forward Primer Reverse Primer
MYOD1 5’ - TGC TAC GAC GGC ACC TAT TA-3' 5’- AGA TGC TCT CCA CGA TGC T-3'

IFNG 5’ - GGT AGC TCT GGG AAA CTG AAT G-3' 5’- CTG ACT TCT CTT CCG CTT TCT T –3'

IL18 5’-GTA GCT GAA AAC GAT GAA GAC CTG-3' 5’- GGC ATA TCC TCA AAC ACG GC –3

sCASP3 5’–ACG GAC AGT GGG ACT GAA GAT G-3’ 5’-ACT GGA TGA ACC AGG ATC CGT C-3’

CD16 5’- CTT TCT ACC TTG GCA CCA AAT C-3' 5’ - CTC CAT GTG ACT TTG CCA TTC –3'

CASP 1 5’- GGG TTA CAG TGT GGA TGT TAG AG-3' 5’-CAT GAG ACA TGA GCA CCA GAA-3

18S 5'-CCCACGGAATCGAGAAAGAG-3' 5'-TTGACGGAAGGGCACCA-3'

Table 1: Forward and reverse sequence of the primer nucleotides used in this study.

Figure 1: Gene expression analysis for the expression of MYOD1 (panel A), CD-16 (panel B), ING-γ (panel C), IL-18 (panel D), Caspase-1 
(panel G), caspase-3 (panel E), and caspase-7 (panel F) in AVF tissues and arteries using polymerase chain reaction. The data are presented as 
mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. *compared to control, @compared to vehicle treated arteries.
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3 panel H) in TAK-242-treated arteries was significantly 
decreased compared to vehicle-treated arteries.

Immunostaining (IHC) revealed significantly increased 
expression of caspase-1 and caspase-3 in vehicle-treated 
AVF tissues: IHC of the arteries treated with vehicle control 

revealed significantly increased expression of caspase-1 
and caspase-3 compared to control arteries (Figure 3 panels 
A-H). The expression of caspase-1 (Figure 2 panel D) and
caspase-3 (Figure 3 panel H) in TAK-242 treated arteries was
significantly decreased compared to vehicle-treated arteries.

Figure 2: Immunohistochemistry (IHC) for MYOD1 in AVF tissues, and for CD-16 and NCAM-1 in AVF femoral arteries. IHC for MYOD1 
in AVF tissues treated with vehicle control (A), TAK-242 (B), CD-16 in femoral arteries (D-F), and NCAM-1 (H-J), and average stained 
intensity (C, G, and K). The data are presented as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. *compared to control, 
@compared to vehicle treated arteries. The red arrow points to positive staining.

Figure 3: Immunohistochemistry (IHC) for IFN-γ and IL-18 in AVF femoral arteries. IHC for IFN-γ (A-C) and NCAM-1 (E-G) in femoral 
arteries and average stained intensity (D and H). The data are presented as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 
0.0001. *compared to control, @compared to vehicle treated arteries. The red arrow points to positive staining.
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Discussion
The damaged tissue after a muscle injury releases signals 

triggering an immune response resulting in the recruitment 
of immune cells including neutrophils, macrophages, and 
lymphocytes to the injury site. The immune cells are involved 
in clearing the debris via phagocytose and this starts the 
repair followed by regeneration of the tissue. During this 
repair process, many of the recruited immune cells undergo 
apoptosis which is crucial for proper muscle healing and 
preventing excessive inflammation. The apoptotic immune 
cells signal to other cells like satellite cells to initiate muscle 
regeneration, however, disruption or alteration of the apoptotic 
process can lead to excessive inflammation and impaired 
muscle repair [16-19]. Further, increased smooth muscle 
cell apoptosis during vessel remodeling can contribute to the 
changes in the structure and function of the vessel associated 
with atherosclerosis because increased apoptosis facilitates 
the removal of old or damaged cells and the proliferation 
of new cells involved in vessel remodeling [20]. Previously 
we reported that perivascular cuffing in the presence of 
inflammation plays a critical role in early thrombosis in AVF 
[4] and MYOD1 is a differentially expressed gene after AVF
creation [9]. The results of this study revealed an increased
expression of MYOD1 in tissues around AVF treated with
vehicle compared to TAK-242. This suggests that attenuating
inflammation promotes remodeling.

MYDO1 is responsible for being the “genome organizer” 
that specifies the three-dimensional architecture unique to 
muscle cell development. This highlights the significant role 
of MYOD1 in establishing and maintaining the muscle cell’s 
identity throughout the remodeling process [21]. MYDO1 

expression occurs alongside the inflammatory response 
involving the recruitment of pro-inflammatory macrophages 
(M1 macrophages) to the site of injury, and satellite cells begin 
to activate and proliferate. Then, when anti-inflammatory 
macrophages (M2 macrophages) are activated to promote 
healing and reduce inflammation, muscle differentiation 
begins. Any dysregulation in this process leads to attenuation 
or reduction of muscle regeneration, as well as a reduction 
in the growth of muscle fibers. This suggests that MYOD1 
must work in synchrony with the inflammatory response to 
promote healing [22]. The inflammatory response is mediated 
by recruited immune cells. The results of this study showed 
increased expression of CD-16 and NCAM-1, the markers 
of neutrophils, suggesting recruitment of neutrophils in 
the arteries involved in AVF. We previously reported the 
recruitment of monocytes, macrophages, dendritic cells, 
and lymphocytes in the vessels after AVF creation [15]. The 
recruitment of these immune cells is mediated by injury to 
the vessels as well as muscle injury as evidenced by increased 
MYOD1. This suggests that injury to the perivascular 
tissues may affect AVF maturation. Persistent inflammation 
recruiting more immune cells enables a positive feedback loop 
of inflammatory response leading to remodeling [5]. Thus, to 
increase the chances of AVF maturation, it is important to 
regulate inflammation by having a balance of both pro and 
anti-inflammatory pathways. 

Increased inflammation after AVF creation is evidenced 
by our previous findings of increased IL-6 and TNF-α 
and immune cell recruitment in control groups which are 
attenuated by inhibition of TLR-4 using TAK-242 [8,15]. 
This study also showed an increased expression of IFN-γ 
and IL-18 in arteries treated with vehicle control compared 

Figure 4: Immunohistochemistry (IHC) for caspase-1 and caspase-3 in AVF femoral arteries. IHC for caspase-1 (A-C) and caspase-3 (E-G) 
in femoral arteries and average stained intensity (D and H). The data are presented as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, and 
**** p < 0.0001. *compared to control, @compared to vehicle treated arteries. The red arrow points to positive staining.
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to TAK-242-treated arteries. TAK-242, a TLR-4 inhibitor, 
was found to attenuate inflammation, which can contribute 
to the prevention of early thrombosis in AVF patients [8]. 
Attenuating inflammation not only promotes AVF maturation 
but can also promote muscle repair. Though a certain level of 
inflammation is necessary for muscle regeneration, excessive 
or prolonged inflammation can hinder muscle repair and 
promote fibrosis. Therefore, reducing inflammation to a 
controlled level can promote muscle regeneration [22,23] and 
a decreased level and expression of MYOD1 in TAK-242-
treated swine support the notion that inhibiting inflammation 
supports muscle repair. Overall, by reducing inflammation, 
TAK-242 may create a more favorable environment for AVF 
maturation and muscle repair. 

Apoptosis, crucial for vascular remodeling and muscle 
repair, is a noninflammatory process under normal conditions 
however, can become inflammatory under certain conditions 
including the release of damage-associated molecular 
patterns after injury and increased expression of TLR-4 due 
to increased secretion of cytokines [24-26]. Increased TLR-4 
expression is associated with AVF creation and stenosis and 
thrombosis of AVF vessels [8]. Further, TLR-4 can promote 
caspase activity and TLR-4 signaling is associated with the 
activation of caspase-4, caspase-11, caspase-1, caspase-3, 
caspase-7, and caspase-8 involving IL-18, IL-1β, and PPAR 
activation contributing to caspase-mediated apoptosis, 
mitochondrial dysfunction, fibrosis, and inflammation [27-
30]. In this study, we found increased expression of caspase-1, 
caspase-3, and caspase-7 in AVF arteries treated with vehicle 
control compared to control and TAK-242-treated arteries. It 
was also evident that TAK-242 inhibiting TLR-4 attenuated 
the expression of caspase-1, -3, and -7. These findings suggest 
that inhibiting inflammation may also regulate apoptosis by 
regulating caspase expression.

The association of increased MYOD1 with increased 
expression of CD-16, IFN-γ, IL-18, and caspases in this study 
suggests that injury to the muscle and fascia adjoining to the 
vessels involved in AVF creation may affect the expression of 
various factors mediating vessel remodeling. In other words, 
luminal and perivascular factors may play crucial roles in the 
maturation of AVFs. Luminal factors are elements within 
a vessel, such as the pressure gradient, vessel wall shear 
stress, and characteristics of blood flow. Perivascular factors 
refer to elements surrounding a vessel, like perivascular 
cuffing, surrounding tissue factors, and the extracellular 
matrix (ECM) [4,8,931]. Neointimal hyperplasia (NIH), is a 
pathological condition in which vascular smooth muscle cells 
(VSMCs) proliferate within a vessel and thicken it. It does 
so by influencing the migration of fibroblasts and smooth 
muscle cells to the intimal layer. This result is a combination 
of luminal factors like shear stress on the vessel wall as well 
as perivascular factors like local inflammation [32], both 
playing a critical role in remodeling. 

Conclusion
The results of this study suggest an association between 

the expression of luminal and perivascular factors associating 
apoptosis with the presence of inflammation. The findings 
suggest that apoptosis may play a critical role in the AVF 
maturation process with an effect on perivascular structures. 
However, it is not clear whether the increase in caspases is 
due to injury to perivascular structures or due to injury to 
the vessels during AVF creation. In-vitro studies involving 
cells treated with cytokines and growth factors with co-
culture studies of myocytes vascular smooth muscle cells and 
endothelial cells are needed to corroborate these findings.
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