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Abstract

Objective—Aortic vascular stiffness has been implicated in the development of cardiovascular 

disease (CVD) and chronic kidney disease (CKD) in obese individuals. However, the mechanism 

promoting these adverse effects are unclear. In this context, promotion of obesity through 

consumption of a western diet (WD) high in fat and fructose leads to excess circulating uric acid. 

There is accumulating data implicating elevated uric acid in the promotion of CVD and CKD. 

Accordingly, we hypothesized that xanthine oxidase inhibition with allopurinol would prevent a 

rise in vascular stiffness and proteinuria in a translationally relevant model of WD-induced 

obesity.

Materials/Methods—Four-week-old C57BL6/J male mice were fed a WD with excess fat 

(46%) and fructose (17.5%) with or without allopurinol (125mg/L in drinking water) for 16 weeks. 
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Aortic endothelial and extracellular matrix/vascular smooth muscle stiffness was evaluated by 

atomic force microscopy. Aortic XO activity, 3-nitrotyrosine and aortic endothelial sodium 

channel (EnNaC) expression were evaluated along with aortic expression of inflammatory 

markers. In the kidney, expression of toll like receptor 4 (TLR4) and fibronectin were assessed 

along with evaluation of proteinuria.

Results—XO inhibition significantly attenuated WD-induced increases in plasma uric acid, 

vascular XO activity and oxidative stress, in concert with reductions in proteinuria. Further, XO 

inhibition prevented WD-induced increases in aortic EnNaC expression and associated endothelial 

and subendothelial stiffness. XO inhibition also reduced vascular pro-inflammatory and 

maladaptive immune responses induced by consumption of a WD. XO inhibition also decreased 

WD-induced increases in renal TLR4 and fibronectin that associated proteinuria.

Conclusions—Consumption of a WD leads to elevations in plasma uric acid, increased vascular 

XO activity, oxidative stress, vascular stiffness, and proteinuria all of which are attenuated with 

allopurinol administration.
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1. Introduction

The prevalence of obesity continues to increase in children and adults, in part, due to an 

increased consumption of diets high in saturated fats and refined carbohydrates [1, 2]. 

Further, obesity is associated with increased vascular stiffness, impaired endothelial 

mediated relaxation and proteinuria, which are strong markers for a heightened risk for 

cardiovascular disease (CVD) and chronic kidney disease (CKD) [2, 3]. In this regard, 

hyperuricemia resulting from consumption of a western diet (WD), high in saturated fat and 

fructose, is emerging as a risk factor for vascular and renal fibrosis, proteinuria and 

associated CVD and CKD [4, 5].

Arterial stiffness has emerged as a risk factor for the development and progression of CVD 

and CKD especially in those with obesity [6, 7]. Further, accumulating evidence suggests 

that increased serum uric acid levels are associated with endothelial dysfunction contributing 

to the development of vascular stiffness [8]. Moreover, the role of diet-induced enhancement 

of tissue xanthine oxidase (XO) activity, the enzyme responsible for uric acid production, 

has also been implicated in endothelial dysfunction in obesity [9]. In this regard, recent 

studies suggest a pivotal role for oxidative stress and pro-inflammatory immune responses in 

the development of endothelial dysfunction, vascular stiffness, kidney injury, and proteinuria 

associated with obesity [10–12]. However, the mechanisms involved in the development of 

arterial stiffness in association with elevated uric acid levels and enhanced vascular tissue 

XO activity are poorly understood. Accordingly, we hypothesized that consumption of a 

WD, high in fat and fructose, would increase hepatic production of uric acid and increase 

vascular tissue XO activity. We further posited that this would lead to enhanced vascular 

oxidative stress and vascular inflammatory and immune responses promoting vascular 

stiffness and proteinuria.

Aroor et al. Page 2

Metabolism. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Our prior work has suggested that consumption of a WD promotes endothelial stiffness, 

which is driven, in part, by enhanced activation of the endothelial sodium channel (EnNaC), 

increased vascular oxidative stress and reduced bioavailable nitric oxide (NO) [11]. As 

bioavailable NO normally suppresses EnNaC activity, it is quite plausible that excessive 

production of reactive oxygen species (ROS) caused by WD feeding, mediates the 

destruction of NO which in turn drives the increased EnNaC-mediated vascular stiffness and 

associated inflammation and proteinuria. To test this hypothesis, we fed male mice a WD, 

with or without allopurinol for 16 weeks. We report here that allopurinol prevented the 

increases in uric acid, aortic XO activity and oxidative stress associated with the WD. In 

addition, allopurinol prevented WD-induced increases in endothelial cell (EC) and sub-

endothelial cell stiffness, renal fibrosis and proteinuria.

2. Methods

2.1. Experimental design

Four-week-old C57BL6/J male mice were divided into three groups and fed for 16 weeks. 

Group 1 were fed control diet (CD, Test Diet 58Y2, Richmond, Indiana). Group 2 were fed a 

Western diet (WD, Test Diet 58Y1) with excess fat (46%) and high fructose corn syrup 

(17.5%) and sucrose (17.5%) ad libitum. Group 3 were fed a WD and allopurinol, a potent 

XO inhibitor [13], was administered to this group in drinking water (125 mg/L) at the start 

of WD feeding as a preventive strategy and continued for 16 weeks. At 20 weeks of age, 

mice were euthanized by exsanguination under isoflurane anesthesia and tissues were 

harvested for downstream analysis. Prior to sacrifice, mice were fasted for 4 hours. The 

experiments were done as two independent cohort with 4 to 5 animals in each cohort and 

both tissues samples and blood were collected from these animals. All animal protocols 

were approved by the University of Missouri Institutional Animal Care and Use Committee.

2.2. Body composition

The percent body fat was measured by a nuclear magnetic resonance imaging whole-body 

composition analyzer (Echo MRI 4in1/1100; Echo Medical Systems, Houston, TX). This 

noninvasive measure was performed on conscious mice.

2.3. Aortic endothelial cortical stiffness determination via atomic force microscopy (AFM)

To evaluate the stiffness of ECs in enface aortic preparations, a 2×2 mm segment of the 

thoracic aorta was obtained from mice after sacrifice as previously described [10]. The aorta 

was opened longitudinally and the adventitial surface of each explant was fastened to a glass 

cover slip using cell tak [10]. Stiffness of ECs within intact aortic explants was measured 

using a cell nano-indentation protocol with AFM according to previously described 

procedures [10, 14]. AFM measurements were conducted at room temperature. For stiffness 

measurements, an AFM cantilever was placed on the ex vivo aorta with or without 

denudation of EC layer as previously described [10].

2.4. Microvessel stiffness indexes

At euthanasia, 1A mesenteric resistance arteries were collected and their mechanical and 

elastic characteristics were determined ex vivo as a surrogate vessel for microvascular (ie. 
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renal vascular stiffness) as previously described [15]. Briefly, mesenteric arteries were 

cannulated and pressurized to 70 mmHg while exposed to Ca-free buffer containing 2mM 

EGTA and 100 uM adenosine to induce passive conditions. Vessels were then subjected to 

consecutive changes in intraluminal pressure from 5–120 mmHg. At each pressure step, 

intraluminal diameter, as well as vascular wall thicknesses were measured using a video 

dimension analyzer. These measurements were used to calculate incremental moduli of 

elasticity and strain-stress relationships as previously described [15].

2.5. Immunohistochemistry

Fluorescent and bright-field immunohistochemistry were used to quantify protein expression 

in the different components of the aorta in different groups as previously described [10]. 

Briefly, a 2 mm segment of thoracic aorta was fixed in 3% paraformaldehyde, dehydrated in 

ethanol series, paraffin embedded, and transversely sectioned in 5μm. To evaluate the 

formation of aortic 3-nitrotyrosine (3-NT) as a representative of nitrosylated oxidation 

products, sections were incubated with 1:200 rabbit polyclonal anti-3-NT overnight at room 

temperature and appropriate secondary antibody, and the signals were visualized by 

diaminobenzidine (DAB) chromogen system (Dako).

2.6. Biochemical assays

Blood samples were collected from a subset of fasting mice in each treatment group, and 

plasma was stored at −80°C for plasma uric acid determination, glucose and insulin assay 

and homeostatic model assessment of insulin resistance as previously described [13]. Plasma 

cholesterol and triglyceride assay was performed automated clinical chemistry analyzer 

(AU680, Beckman-Coulter, Inc., Brea, CA). Aortic XO activity was determined in tissue 

protein supernatant using a XO assay kit (Abcam, Cambridge, MA) [13].

Urine samples were collected into chilled 4°C tubes within one week prior to sacrifice from 

mice placed in metabolic cages for 24 hours were subsequently stored at −80 C for further 

analysis. Total protein and creatinine content in the urine were determined using a 

colorimetric assay developed by Beckman Coulter to be run on an automated clinical 

chemistry analyzer (AU680, Beckman-Coulter, Inc., Brea, CA) platform. Urine sodium was 

measured by the same Beckman-Coulter analyzer employing ion-specific electrodes.

Fibronectin protein levels in renal cortical tissue was evaluated by western immunoblot 

employing the primary antibody at a 1:1000 dilution (Abcam) [13].

2.7. Gene expression

Total RNA was isolated using the TRIzol reagent (Sigma) method as previously described 

[13]. The yield of RNA was quantified using a Nanodrop spectrophotometer (Thermo 

Scientific, Wilmington, DE). First-strand cDNA synthesis was done using 1 μg total RNA 

with oligo dT (1 μg), 5× reaction buffer, MgCl2, dNTP mix, RNAse inhibitor, and Improm II 

reverse transcriptase as per Improm II reverse transcription kit (Promega, Madison, WI). 

After the first strand synthesis, real-time PCR (qRT PCR) was done using 8 μl cDNA, 10 μl 

SYBR green PCR master mix (Bio-Rad Laboratories) and forward and reverse primers (10 

pM/μl) (Integrated DNA Technologies, San Diego, CA) using a real-time PCR system 
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(CFX96; Bio-Rad Laboratories). The specificity of the primers was analyzed by running a 

melting curve. The PCR cycling conditions used were 5 minutes at 95°C for initial 

denaturation, 40 cycles of 30 seconds at 95°C, 30 seconds at 58°C and 30 seconds at 72°C. 

Each real-time PCR was carried out using three individual samples in triplicates, and the 

threshold cycle values were averaged. Calculations of relative normalized gene expression 

were done using the Bio-Rad CFX manager software. The results were normalized against 

housekeeping gene GAPDH. For the expression of Toll-like receptor 4 (TLR4) the results 

were normalized against 18S rRNA. PCR cycling conditions were 5 minutes at 95°C for 

initial denaturation, 35 cycles of 30 seconds at 95°C, 1 minute at 60 °C and 1 minute at 

72°C. The primers used for PCR are listed in Supplemental Table 1.

2.9. Statistical analysis

All data are presented as mean ± standard error (SE). Independent t-test and one- or two-way 

ANOVA was used to evaluate the effects of allopurinol on all dependent variables. For all 

statistical tests, differences were considered significant when P<0.05.

3. Results

3.1. XO inhibition and biochemical parameters

Compared to control diet (CD), consumption of a WD increased plasma uric acid levels and 

this increase was abrogated by allopurinol (Supplemental Table 2). Body weight, total body 

fat and reproductive fat were increased in WD-fed mice compared to CD-fed mice (P<0.05). 

XO inhibition had no effect on these parameters (Supplemental Table 2). In addition, plasma 

cholesterol levels were increased in WD-fed mice and were not affected by XO inhibition 

(Supplemental Table 2). WD-induced increase in insulin resistance as evaluated by HOMA-

IR was not affected by allopurinol administration (Supplemental Table 2).

3.2. XO inhibition prevents WD-induced increases in aortic EC cortical and vascular 
smooth muscle cell (VSMC)/extracellular matrix (ECM) stiffness

WD-fed mice exhibited a 4-fold increase in EC cortical stiffness, assessed by AFM, 

compared to mice fed a CD (P<0.05), and this was prevented by allopurinol (Fig. 1A). The 

endothelium has been shown to modulate VSMC/ECM stiffness, in part, through changes in 

bioavailable NO [10, 16]. Therefore, we examined the stiffness of the underlying VSMC and 

ECM in endothelium denuded aortae. VSMC/ECM stiffness was significantly increased 3.5-

fold (P<0.05) by WD feeding (Fig. 1B). Further, the WD-induced increase in VSMC/ECM 

stiffness was substantially decreased by treatment with the XO inhibitor (P<0.05). Recently, 

we and others have shown an important role for the EnNaC in regulation of endothelial and 

vascular stiffness [11]. To evaluate EnNaC expression, we immuno-stained aorta sections 

and quantified fluorescence signal in the endothelial layer. Compared to the CD-fed mice, 

EnNaC immunofluorescence was increased in the aortic endothelium of WD-fed mice and 

this was prevented with XO inhibition (Fig. 1C).

3.3. WD-induced oxidative stress is prevented by XO inhibition

Accumulation of vascular peroxynitrite, as a proxy for ROS, was evaluated by determination 

of aortic 3-NT staining in EC/intimal, smooth muscle and adventitial layers of the aorta (Fig. 
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2A–D). 3-NT staining was significantly increased in EC/intimal layer compared to other 

layers of the aortic wall. XO inhibition prevented accumulation of 3-NT in all layers of the 

aortic wall in WD-fed mice (P<0.05). We further examined the changes in XO activity in 

aortic tissue (Fig. 2E). Aortic XO activity was increased 2-fold by WD compared to CD 

(P<0.05), and this increase was prevented with XO inhibition (P<0.05). Collectively, these 

data suggest that WD increases in oxidative stress are driven, in part, by increased XO 

activity in vascular tissue.

3.4. XO inhibition suppresses WD-induced maladaptive immune inflammatory responses 
involving macrophage recruitment and M1 polarization

To evaluate the potential contributions of macrophage recruitment and polarization of T cells 

to vascular inflammation caused by WD feeding, we next ascertained the expression of 

monocyte chemoattractant protein (MCP-1) in aortic tissue as a factor that drives monocytes 

to EC adhesion and trans-endothelial macrophage migration (Fig. 3A). The expression of 

MCP-1 was significantly increased in aorta by WD and this increase was significantly 

inhibited by XO inhibition (P<0.05). We further examined the accumulation of total 

macrophages and the M1 macrophage pro-inflammatory phenotype. The gene expression of 

CD11b, representing accumulation of total macrophages, and mRNA expression of CD86 

and interleukin (IL)-6, representing mainly M1 macrophage polarization, were increased in 

WD-fed mice (P<0.05) (Fig. 3B–D). In contrast, XO inhibition attenuated the WD increases 

in expression of CD11b, CD 86 and IL-6 (Fig. 3B–D). Taken together, these data suggest the 

possibility that increased WD-induced XO activity and oxidative stress are involved in the 

maladaptive immune responses associated with consumption of a WD.

3.5. XO inhibition decreases WD-induced microvessel stiffness, kidney fibrosis and 
proteinuria

Mesenteric resistance arteries serve as a surrogate for microvascular response in many tissue 

beds including the kidney microcirculation [15]. We have recently reported increased 

stiffness of mesenteric arteries in male mice fed a WD as shown by changes in 

circumferential strain and stress measured in pressurized arteries and increases in 

incremental modulus of elasticity [15]. In the current study, allopurinol significantly 

improved WD-induced changes in strain and stress response (P<0.05, Fig. 4A) and 

decreased the incremental modulus of elasticity (P<0.05, Fig. 4B). These data suggest XO 

inhibition reduces microvascular stiffness promoted by consumption of WD.

EC stiffness and inflammatory responses are implicated in the development of glomerular 

endothelial injury, fibrosis and proteinuria in obesity [8, 16]. We therefore evaluated protein 

excretion in mice consuming a WD with and without XO inhibition. Protein excretion was 

significantly increased in WD-fed mice compared to CD-fed mice (Fig. 5A). Allopurinol 

administration resulted in less urine protein excretion in mice consuming a WD (P<0.05). To 

examine if there was any impact of XO inhibition on conventional renal epithelial sodium 

channels, we determined urine sodium excretion. XO inhibition had no significant effect on 

the level of urine sodium (Supplemental Table 2). Uric acid increases kidney fibrosis and 

inflammation, in part, through upregulation of fibronectin and TLR4 expression [17]. 

Therefore, we examined expression of fibronectin and TLR4 in kidney tissue. Fibronectin 
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expression was increased in WD-fed mice and XO inhibition abrogated this increase in 

expression of this pro-fibrotic molecule (P<0.05, Fig. 4B). As shown in Fig. 5C, WD also 

induced an increase in expression of TLR-4 (P<0.05) and this was prevented by allopurinol.

4. Discussion

This investigation demonstrates for the first time that consumption of a WD, enriched in fat 

and fructose not only increases uric acid levels, but also XO activity and oxidative stress in 

the aorta. Further, these changes were accompanied by increased expression of EnNaC and 

enhanced EC cortical and sub-endothelial vascular stiffness. The observed increased plasma 

uric acid and enhanced vascular XO activity with WD consumption was associated with an 

increase in vascular oxidative stress, maladaptive immune inflammatory responses and 

increased kidney fibronectin and proteinuria. Importantly, administration of allopurinol to 

WD-fed mice mitigated the increase in vascular XO activity, endothelial and sub-endothelial 

stiffness, oxidative stress, as well as, the maladaptive immune inflammatory responses and 

proteinuria. These collective findings support an undescribed mechanism to date on the 

contribution that uric acid has on endothelial stiffness, endothelial dysfunction and 

proteinuria through XO-induced oxidative stress and inflammatory responses.

Hypertension is an important risk factor for the development of vascular remodeling and 

increased vascular and arterial stiffness; however, stiffness is often increased in 

normotensive people [12]. Moreover, rodent studies also show that arterial stiffness precedes 

hypertension in mice fed high fat/high refined carbohydrates and removal of a high fat/high 

fructose diet results in a decrease in arterial stiffness [12]. In this regard, we have previously 

reported that blood pressure was not increased by WD-feeding in male mice and that 

allopurinol had no impact on blood pressure [13]. Therefore, our observation that allopurinol 

attenuated the WD-induced endothelial and VSMC stiffness in this study without lowering 

BP suggests this occurred through a blood pressure-independent effect. Our additional 

observation that allopurinol improved vascular stiffness without a significant impact on body 

weight or systemic insulin resistance as determined by HOMA-IR, further supports potential 

direct effect of XO inhibition on the vasculature.

Increased plasma levels of uric acid have been associated with enhanced oxidative stress in 

tissues and cultured ECs[16]. Further, impaired EC function in the setting of hyperuricemia 

can be mitigated by reducing XO in the vasculature [4]. In the present study, inhibition of 

aortic tissue XO activity in concert with reductions in oxidative stress suggest that XO is an 

important enzyme contributing to generation of reactive oxygen species (ROS) in the 

vasculature. Increases in ROS increases destruction of NO which plays a significant role in 

EC stiffness as well as aortic stiffness [13]. Oxidative stress also induces recruitment of 

immune cells to the vasculature and this event occurs early during the development of 

vascular dysfunction and arterial stiffness [18]. Immune cell recruitment is a sequential, 

multistep event resulting from interaction of leukocytes, monocytes and endothelial adhesion 

molecules [19]. Although this depends on adhesion molecule expression on immune cells 

and modulation of their expression by vascular cells, endothelial dependent mechanisms 

appear to be critical in the recruitment of immune cells including macrophages. MCP-1 is a 

molecule that is involved in attraction and adhesion of monocytes to EC [20]. Both 
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decreased availability of NO and increased accumulation of ROS increase MCP-1 

expression in EC [21]. Endothelial cortical stiffness additionally contributes to macrophage 

recruitment through its effect of decreasing bioavailable NO, enhancement of monocyte 

adhesion enhanced endothelial permeability and trans-endothelial migration of monocytes 

[16, 22]. These data are consistent with our finding that WD-induced increases in 3–NT 

content along with MCP-1 expression. Our observation then that XO inhibition reduced 

MCP-1 along with 3-NT and vascular stiffness measures suggest that tissue XO generation 

of ROS is an important mechanism by which a WD and excess uric acid promote endothelial 

dysfunction and vascular stiffness through immune inflammatory responses.

The vasculature pro-inflammatory immune response is constituted by both increases in 

macrophage infiltration and increases in the pro-inflammatory M1 macrophage phenotype 

[23]. M1 macrophage polarization which is a prototypical pro-inflammatory phenotypic 

alteration of macrophages, is associated with increased production of ROS and reactive 

nitrogen species (RNS), and increased expression of pro-inflammatory cytokines [24]. In the 

current study consumption of a WD increased CD11b, a total macrophage cell marker as 

well as M1 polarization markers CD86 and IL6 which were prevented by allopurinol. 

Increased M1 polarized macrophages produce more pro-inflammatory IL-6, and increased 

IL-6 levels are present in obese individuals [25]. A recent study demonstrated cholesterol-

induced increases in macrophage XO and pro-inflammatory responses that were effectively 

prevented by XO inhibition [26]. However, while WD consumption induced an increase in 

plasma cholesterol, XO inhibition had no effect on plasma cholesterol in the current study. 

Collectively, data in this study suggest that direct tissue activation of XO activity with 

consumption of a WD promotes oxidative stress and associated pro-inflammatory immune 

responses leading to vascular fibrosis and stiffness.

We report the novel observation that increased vascular stiffness with consumption of a WD 

occurs in association with increased expression of vascular EnNaC, and that this process is 

suppressed by XO inhibition. Classically, ENaC is considered a regulator of Na+ transport in 

kidney epithelial cells, but ENaC is also expressed in non-epithelial cells, including 

endothelial cells thereby the terminology EnNaC [27, 28]. Uric acid has been shown to 

increase the expression of ENaC in renal epithelial cells [29]. However, this is the first report 

showing that diet induced obesity is associated with enhanced EnNaC expression, and that 

this is prevented XO inhibition. The activation of EnNaC results in polymerization of G- to 

F-actin [30]. This results in decreased flow-mediated NO production due to disruption of the 

endothelial glycocalyx (i.e., surface layer comprising a complex of glycoproteins located on 

the luminal surface of EC) and its interaction with endothelial nitric oxide synthase (eNOS) 

during flow-mediated vasodilation [31]. Decreased bioavailable NO is one of the major 

factors contributing to endothelial dysfunction and vascular stiffness in obesity [32]. 

Accordingly, our findings that XO inhibition attenuated the diet induced increases in EnNaC 

suggest a potential novel mechanism by which WD induced increases in uric acid 

production promotes stiffness in the vasculature.

The presence of albuminuria in obesity is thought to be associated with glomerular 

hyperfiltration. Importantly, a recent study showed a positive correlation between 

microvessel stiffness, increased renal resistance index, and albuminuria [33]. Thus, current 
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data would suggest that WD-induced aortic stiffness and alterations in resistance artery (ie. 

mesenteric artery) function may be an important contributor to proteinuria associated with 

diet induced obesity. In this context, our findings that WD-induced increases in mesenteric 

artery stiffness suggest that a WD increases the arterial wave velocity to the glomerulus and 

thus contributes to hyperfiltration. Resistance mesenteric arteries are often used as a 

surrogate for other vessel beds such as the kidney microcirculation [15]. Thereby, our 

observation that XO inhibition reduced proteinuria along with mesenteric resistance artery 

elasticity s would be consistent with this notion.

In addition to indirect vascular effects, the direct kidney effects of XO inhibition may also 

account for prevention of WD induced kidney fibrosis and proteinuria. Although uric acid 

has been implicated in mediating glomerular injury in several preclinical studies, including 

ours in WD-fed male mice [6, 34], the role of XO activation in ECs has also been implicated 

in endothelial cortical stiffness through glycocalyx polymerization and shedding [35–37]. 

Indeed, glycocalyx shedding is one of the mechanisms by which glomerular filtration barrier 

is compromised resulting in proteinuria [38, 39]. We also observed that consumption of a 

WD was associated with increased renal tissue TLR4, and that this process was mitigated by 

allopurinol administration. Importantly, TLR4 is implicated in the kidney inflammatory 

responses and uric acid increases the expression of TLR4 in kidney [17]. Signaling through 

toll-like receptors activates dendritic cells and inflammatory cytokines to promote 

inflammation and fibrosis. Moreover, soluble uric acid causes increased expression of 

fibronectin which is considered to be one of the potential mediators of kidney fibrosis [40]. 

In this regard, we have also observed increased renal expression of TLR4 and an important 

fibrosis protein, fibronectin in conjunction with increased proteinuria in WD-fed mice. The 

attenuation of WD increases in both renal tissue TLR4 and fibronectin with allopurinol 

administration uncovers potential mechanisms by which dietary elevations in uric acid may 

promote kidney tissue fibrosis and proteinuria.

In conclusion, consumption of a WD leads to elevations in plasma uric acid and increased 

vascular XO activity, vascular stiffness and proteinuria all of which are attenuated with 

allopurinol administration. We have previously reported that allopurinol reduced WD-

induced increases in cardiac XO activity and attenuated cardiac fibrosis [15]. The 

improvement of vascular stiffness and proteinuria with allopurinol was associated with 

decreases in vascular XO activity suggesting that both increased plasma uric acid and tissue 

XO activity with WD consumption contribute to cardiovascular and renal injury.
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Abbreviations

CVD cardiovascular disease

CKD chronic kidney disease

EnNaC endothelial sodium channel

CD control diet

WD western diet

3-NT 3-nitrotyrosine

TLR4 Toll -like receptor 4

XO xanthine oxidase

VSMC vascular smooth muscle cell

ECM extracellular matrix
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Figure 1. XO inhibition prevents WD-induced increases in aortic EC and vascular smooth 
muscle/extracellular matrix stiffness
A. Representative force curve (red trace) from CD, WD, WDA group showing increased EC 

stiffness. The steeper the slope in the deflection trace, the stiffer the tissue. Blue curve 

represents retraction force that varies depending on the underlying region but not accounted 

for force curve generation. The bar graph summarizes the increased EC stiffness in WD-fed 

mice and its suppression by XO inhibitor in ex vivo aortic explants. B. Representative force 

curve from CD, WD, WDA group for VSMC/ECM stiffness and bar graph representing 

VSMC/ECM or sub-endothelial stiffness was obtained after denudation of endothelium of 

aortic explants. C. Representative immune-staining for the expression of EnNaC from CD, 

WD and WDA group. N = 3 to 5 per group. CD - control diet, WD - Western Diet, WDA - 

Western diet plus allopurinol. Data are expressed as means ± SE. * P<0.05 vs CD; # p<0.05 

vs WD.
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Figure 2. XO inhibition reduces the levels of ROS and XO activity and decreases plasma uric 
acid levels induced by WD
A. Representative images for quantification of 3-nitrotyrosine by immunostaining. B–D. The 

bar graph showing increased oxidative stress in EC (B), VSMC (C) and adventitial layer (D) 
of aorta and its prevention by XO inhibition. E. XO activity in aortic tissue was significantly 

increased in WD group but not in WD plus XO inhibitor group. N = 3 to 6 per group. CD - 

control diet, WD - Western Diet, WDA - Western diet plus allopurinol. Data are expressed as 

means ± SE. * P<0.05 vs. CD; # p<0.05 vs WD.
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Figure 3. XO inhibition suppresses WD-induced inflammatory gene expression in aorta
A. mRNA expression of MCP-1, a marker of EC activation, is increased in WD-fed mice 

which was prevented by XO inhibition B. CD11b as indicator of macrophage recruitment is 

increased in WD-fed group but not in WD plus XO inhibitor group. C. CD 86 expression is 

increased in WD-fed mice indicating M1 polarization and this response was blunted by XO 

inhibition. D. IL-6 expression is a marker of M1 polarization and enhanced pro-

inflammatory response to WD feeding. This response is prevented by XO inhibitor treatment 

in WD-fed mice. N = 3 per group. CD - control diet, WD - Western Diet, WDA - Western 

diet plus allopurinol. Data are expressed as means ± SE. * P<0.05 vs CD; # p<0.05 vs WD.
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Figure 4. Effect of allopurinol treatment on WD-induced mesenteric artery stiffness
A. Comparison of strain-stress relationship curves between arteries isolated from WD and 

WDA-treated mice. B. Comparison of the incremental moduli of elasticity between the same 

arteries as in A. Data are expressed as means ± SE. # Data points were significantly different 

between WD and WDA groups at p<0.05. N=3 to 4 number of animals (vessels) per 

treatment group. WD -Western Diet, WDA - Western diet plus allopurinol.
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Figure 5. XO inhibition suppresses WD-induced kidney fibrosis and proteinuria
A. The bar graph shows increased excretion of protein in WD-fed mice and its prevention of 

treatment with XO inhibitor. B. WD tended increased fibronectin expression that is 

decreased by XO inhibition. C. TLR4 receptor expression is increased in WD-fed mice and 

tended to decrease in XO inhibitor treated group. N =4 to 8 per group. CD - control diet, 

WD - Western Diet, WDA - Western diet plus allopurinol. Data are expressed as means ± 

SE. * P<0.05 vs CD; # p<0.05 vs WD.

Aroor et al. Page 17

Metabolism. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Methods
	2.1. Experimental design
	2.2. Body composition
	2.3. Aortic endothelial cortical stiffness determination via atomic force microscopy (AFM)
	2.4. Microvessel stiffness indexes
	2.5. Immunohistochemistry
	2.6. Biochemical assays
	2.7. Gene expression
	2.9. Statistical analysis

	3. Results
	3.1. XO inhibition and biochemical parameters
	3.2. XO inhibition prevents WD-induced increases in aortic EC cortical and vascular smooth muscle cell (VSMC)/extracellular matrix (ECM) stiffness
	3.3. WD-induced oxidative stress is prevented by XO inhibition
	3.4. XO inhibition suppresses WD-induced maladaptive immune inflammatory responses involving macrophage recruitment and M1 polarization
	3.5. XO inhibition decreases WD-induced microvessel stiffness, kidney fibrosis and proteinuria

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

