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Abstract: Hyperuricemia is usually associated with hypertension, diabetes mellitus, meta-

bolic syndrome and chronic kidney disease. Accumulating data from epidemiological studies

indicate an association of increased uric acid (UA) with cardiovascular diseases. Possible

pathogenic mechanisms include enhancement of oxidative stress and systemic inflammation

caused by hyperuricemia. Arterial stiffness may be one of the possible pathways between

hyperuricemia and cardiovascular disease, but a clear relationship between increased UA and

vascular alterations has not been confirmed. The review summarizes the epidemiological

studies investigating the relationship between UA and arterial stiffness and highlights the

results of interventional studies evaluating arterial stiffness parameters in patients treated

with UA-lowering drugs.
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Introduction
Uric acid (UA) is the final product of dietary and endogenous purine metabolism.

While hyperuricemia has been classically associated with gouty arthritis, asympto-

matic hyperuricemia is frequently found in metabolic syndrome, diabetes mellitus,

chronic kidney disease or hypertension.1–3

Epidemiological studies have shown that hyperuricemia is a predictor of cardi-

ovascular morbidity and mortality.4,5 Besides the association of increased UA levels

with metabolic disturbances known to augment cardiovascular risk, a direct invol-

vement of UA in cardiovascular disease has also been suggested.6,7

Arterial stiffness is the consequence of decreased arterial distensibility caused

mainly by arterial structural alterations consisting of elastin degradation and an

increase in stiff collagen. In clinical practice, arterial stiffness can be measured non-

invasively using various parameters that investigate regional, local or systemic

arterial stiffness. The most widely used parameter to evaluate regional arterial

stiffness is pulse wave velocity (PWV), which increases with progressive stiffening

of the arterial wall. PWV can be measured as the ratio between the distance traveled

by the wave and the travel time, at various sites of the arterial tree. Carotid-femoral

(aortic) pulse wave velocity (cfPWV) evaluates aortic stiffness, while carotid-radial

pulse wave velocity (crPWV), brachial-ankle pulse wave velocity (baPWV) and

brachial-radial pulse wave velocity (brPWV) measure both central and peripheral

arterial stiffness. Aortic PWV, which proved to be an independent predictor of all-

cause and cardiovascular mortality in various populations with different cardiovas-

cular risk factors, is considered “the gold standard” measurement of great artery

stiffness.8 Age and hypertension are the most important determinants of arterial

stiffness. Other cardiovascular risk factors, including diabetes, metabolic syndrome,
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obesity and chronic kidney disease, have also been asso-

ciated with an increase in arterial stiffness.9

Local arterial stiffness can be measured at a single site, at

the level of a central artery (i.e. carotid artery) or more distally

(i.e. femoral artery), using echo-tracking systems.10 The car-

dio-ankle vascular index (CAVI), a parameter which, in con-

trast to PWV, is not influenced by blood pressure values,

evaluates both the aorta and the peripheral arteries of the

lower limbs.11 Systemic arterial compliance can also be deter-

mined, but the techniques for its non-invasive measurement

are complex and have poor precision.Moreover, the predictive

value of systemic arterial stiffness for cardiovascular events

has not yet been proved.When arteries are stiff, the pulse wave

travels faster to peripheral sites and returns to the heart from

reflection points, during ventricular systole, augmenting aortic

systolic pressure. The increase in central systolic pressure is

measured by the augmentation index (Aix), which is calcu-

lated as the difference between the second and first systolic

peaks of the central pressure wave, divided by the central pulse

pressure and expressed as a percentage. Aix depends on wave

reflection and is not only influenced by arterial stiffness, but

also by peripheral vascular tone.10

Whether a cause-effect relationship exists between

hyperuricemia and arterial stiffness or both are determined

by the same etiological factors is not known.

Review Literature Sources and Aim
A PubMed/Medline, Web of Science, Embase and Goggle

scholar data bases search was performed using the key-

words “uric acid” combined with “cardiovascular disease”,

“arterial stiffness”, “arterial stiffness and uric acid low-

ering drugs”, between 1996 and 2019. We have also made

hand searches of the references of retrieved literature.

Only articles written in English were included.

The aim of this narrative review is to present the patho-

genic hypothesis that may explain the association between

UA and arterial stiffness, as well as the results of epidemio-

logical and clinical studies evaluating the possible role of

UA in the development of arterial stiffness. Finally, the

effects of the therapeutic intervention using UA-lowering

drugs on arterial stiffness parameters are discussed.

UA Metabolism
The two purines, adenine and guanine, which are the main

constituents of nucleotides, are finally converted to UA in

a sequence of chemical reactions catalyzed by specific

enzymes. Adenosine monophosphate (AMP) is initially con-

verted to inosine, following two different enzymatic pathways;

in one of them, AMP is transformed by deaminase into inosine

monophosphate (IMP) and then by nucleotidase dephosphor-

ylation into inosine, while, according to the other pathway,

a phosphate group is removed by nucleotidase to form adeno-

sine, which is subsequently, transformed by deaminase into

inosine. Inosine is then converted to hypoxanthine by purine

nucleoside phosphorylase (PNP). Hypoxanthine is oxidized to

xanthine by xanthine oxidase (XO) and then xanthine is con-

verted to UA by the same enzyme, XO. Guanine monopho-

sphate (GMP) ismetabolized to guanosine by nucleotidase and

then guanosine is transformed into guanine by PNP.

Subsequently, guanine deaminase converts guanine to

xanthine, which is then oxidized to UA.1,12

UA is produced mainly by the liver, gut, muscles, kidneys

and the vascular wall. Normal blood UA values are 1.5 to

6.0 mg/dl in women and 2.5 to 7 mg/dl in men.1 Blood

concentration is maintained due to complex regulatory

mechanisms which control UA production and excretion.

Increased circulating UA is the consequence of high intake,

increased UA production, decreased renal elimination or

a combination of these mechanisms. Diets rich in animal

proteins (meat, seafood) are the principal exogenous source

of purines. High intake of fructose is another dietary source

of UA. Fructose is converted by fructokinase to fructose 1

phosphate, which reduces cellular phosphate and circulating

ATP levels. The decrease in intracellular phosphate concen-

trations activates AMP deaminase, which catalyzes the trans-

formation of AMP into inosine monophosphate and increases

UA. Humans cannot oxidize UA because of the lack of

uricase, which is present in other mammals and transforms

UA into more soluble compounds, subsequently excreted by

the kidneys. The largest part of circulating UA is represented

by the soluble urate salt. When UA concentration exceeds

6.8 mg/dl, it crystallizes as monosodium urate.1,12

UA is eliminated by the kidneys (two thirds) and by the

gastrointestinal tract (one third). In the kidney, UA is

filtered by the glomeruli and then reabsorbed and secreted

by the proximal and distal contorted tubes. Finally, the

kidneys eliminate 10% of the filtered UA. Impaired renal

function is an important cause of hyperuricemia.1

Pathogenic Mechanisms Involved in

UA-Related Arterial Stiffness
It has been shown that in physiological concentrations, UA

is a potent antioxidant capable of scavenging reactive

oxygen species and peroxynitrite.13,14 In experimental

renal insufficiency, hyperuricemia was associated with
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improved endothelial function.15 In humans, intravenous

administration of UA improves endothelial function,

reduces exercise-induced oxidative stress,16 and increases

antioxidant capacity.17 A favorable effect of UA adminis-

tration has also been reported in type 1 diabetes mellitus

patients.18 Moreover, low levels of UA, caused by

decreased URAT1 (blood vessels and kidney proximal

cells transporter) associated with SLC22A12 loss-of-

function mutation, induce endothelial dysfunction.19

The mechanisms involved in UA-related vascular stiffness

are complex and incompletely elucidated.

In particular environmental conditions, UA may induce

oxidative stress, endothelial dysfunction and stimulate vas-

cular inflammation and fibrosis. In the presence of native

low-density lipoproteins, UA showed to have antioxidant

effects but, after the oxidation of low-density lipoproteins,

it induces pro-oxidant effects.20

Important data regarding the involvement of UA in oxi-

dative stress come from experimental studies. It has been

proved that hyperuricemia stimulates nicotinamide adenine

dinucleotide phosphate oxidase activity and, subsequently,

oxygen species synthesis.21 UA-induced oxidative stress

may activate the Notch 1 pathway, which is involved in the

UA inflammatory process. Administration of epigallocate-

chin-3-gallate, a flavanol derived from green tea extracts,

with anti-inflammatory and antioxidant effects, decreased

UA-induced inflammation and oxidative stress.22

Hyperuricemia decreases nitric oxide production in

endothelial cells23,24 or, reacting with nitric oxide, reduces

its activity.25,26 Renin-angiotensin system activation by

increased UA may also impair endothelial nitric oxide

production.27 The decrease in nitric oxide bioavailability

promotes endothelial dysfunction, increases vascular tone

and may contribute to arterial stiffness.28 The renin-

angiotensin-aldosterone system is also responsible for an

increased stiffness of the cytoskeleton in endothelial cells29

and extracellular matrix fibrosis.30 Oxidative stress may

mediate angiotensin 2 activation of TGF-ß1 which, subse-

quently, stimulates vascular fibrosis. TGF-ß1 induces proteo-

glycan, fibronectin and collagen synthesis which increases

vascular wall stiffness.31,32UA-induced oxidative stress may

also stimulate the production of endothelin-1,33 a potent

vasoconstrictor known to increase arterial stiffness.34

In cultured vascular smooth muscle cells (VSMCs), UA

may induce monocyte chemoattractant protein-135 and

cyclooxygenase 2,36 promoting proliferation of VSMCs

and inflammatory responses. The increase in platelet-

derived growth factor A-chain expression, caused by hyper-

uricemia, may also stimulate VSMCs proliferation.37

UA induces the transcription nuclear factor-ҡB35 which

has proinflammatory and proatherogenic effects in the vascu-

lar wall.38UA also stimulates C-reactive protein39 and produc-

tion of proinflammatory cytokines, including TNF-α.40

Moreover, C-reactive protein may increase the production of

cellular adhesion molecules, promote cellular apoptosis and

induce endothelial dysfunction and arterial stiffness.41

A recent study has shown that UA can induce endothelial

glycocalyx shedding which may contribute to increased oxi-

dative stress and reduced nitric oxide bioavailability.42

Besides its involvement in inflammation and oxidative

stress, UA may also alter the natural turnover of non-cross

-linked soluble elastin, thus reducing arterial wall

distensibility.43

Not only soluble UA but also the crystallized form of UA

may cause vascular damage. UA crystals are recognized by

toll-like receptor and induce inflammasome activation.

Inflammasomes are protein structures that may play a role

in the onset and development of several diseases, including

gout, nonalcoholic fatty liver disease and vascular disease.44

Two main mechanisms explaining the relationship

between hyperuricemia and arterial stiffness have been pro-

posed: one independent of urate crystal and the other, urate

crystal dependent.45 In the former mechanism, soluble UA

may pass into the vascular wall via urate transporter GLUT 9

(glucose transporter) or URATv1 (voltage-driven urate efflux

transporter 1) and initiate intracellular inflammation and

oxidative stress.46 In the latter mechanism, urate crystals,

engulfed by vascular macrophages, activate nod-like receptor

family protein 3 (NLRP3) inflammasome. Subsequently,

inflammasome cleaves pro-IL-1ß into active IL-1ß, which

induces inflammation and collagen formation.47Because UA

starts to crystallize within the human body when serum UA

level exceeds its solubility limit (6.8 mg/dl), this mechanism

may be considered in patients with elevated UA.45

Important data suggest that XO, the enzyme that cata-

lyzes the final two reactions of purine catabolism leading to

UA formation, may contribute to vascular damage, indepen-

dently of UA.

During the catalytic process, XO reduces oxygen resulting

in reactive oxygen species (hydrogen peroxide and superoxide

anion). In physiological conditions, XO-derived reactive oxy-

gen species may have favorable biologic effects, including the

modulation of systemic redox balance and the defense reaction

against bacterial infections. However, increased superoxide

production by XO induces oxidative stress, systemic
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inflammation and, subsequently, endothelial dysfunction and

vascular damage.1,14 The mechanism of UA induced arterial

stiffness is schematically represented in Figure 1.

XO is expressed in endothelial cells.48 Experimental

studies have shown that XO is involved in the progression

of the atherosclerotic process, while XO inhibitors may

reduce proatherogenic mediators and vascular lesions. In

the aortic cells of the experimental atherosclerosis model of

ApoE-/- mice, the authors reported an increased level of

endothelial XO, which was associated with the development

of endothelial dysfunction. The administration of febuxostat,

a potent inhibitor of XO, reduces atherosclerotic lesions.49

The activity of XO has also been studied in experimental

models of arterial stiffness. In female rodents fed a Western-

type diet rich in fat and fructose, XO inhibition with allopur-

inol improved Western diet-induced vascular stiffness.

Favorable vascular effects were accompanied by decreased

oxidative stress and aortic fibrosis.50 Male mice fed

a Western diet developed hyperuricemia, oxidative stress

and proteinuria. Allopurinol administration for 16 weeks

significantly reduced plasma UA, vascular XO activity, oxi-

dative stress, arterial stiffness and proteinuria.51

UA and Arterial Stiffness in

Community-Based Studies
The relationship between UA and arterial stiffness has

been evaluated in cross-sectional and prospective large

Figure 1 Mechanisms involved in uric acid induced arterial stiffness. XO, xanthine oxidase; ROS, reactive oxygen species; URATv1, voltage- driven urate efflux transporter 1;

NLRP3,nod-like receptor family protein 3; VSMCs, vascular smooth muscle cells.
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population studies. Some of these studies investigated

a possible gender influence on this relationship. Separate

analyses of central and peripheral arterial stiffness para-

meters in relation to UA have also been made.

Cross-Sectional Studies
The relationship between UA and arterial stiffness para-

meters has been studied in various large populations and

different ethnic groups. Gender differences in the relation-

ship between UA and arterial stiffness have also been

investigated.

In the Framingham Heart Study, which included 4140

participants with a low burden of risk factors, UA levels

were significantly associated with arterial stiffness mea-

sured as cfPWV and crPWV. The correlation persisted

after adjustment for conventional risk factors including

age, sex, hypertension, body mass index, fasting plasma

glucose, insulin levels, animal protein intake and renal

function. However, the authors mentioned that the strength

of the association diminished after these adjustments, sug-

gesting that UA may not be a significant clinical contributor

to arterial stiffness in healthy adults. The results of this

study suggested the hypothesis that UA alone may not be

sufficient to cause arterial damage, and that its role might be

more important in patients with increased cardiovascular

risk.52

In the Korean Multi-Rural Communities Cohort study,

the authors reported a positive linear correlation between

serum UA levels and baPWV in both males and females.53

In a study which included a population from the Western

region of Beijing, with a homogenous lifestyle, subjects

with higher UA had a 1.593 times risk of higher cfPWV

and a tendency to higher CAVI. However, serum UA did

not correlate with carotid intima-media thickness. Because

cfPWV is a measure of arterial function, while CAVI is

a measure of arterial function and structure and carotid

intima-media thickness is a measure of arterial structure,

the authors speculated that their results suggest

a predominant effect of UA on arterial function and not

on arterial structure. The associations did not differ

between genders.54 A large Japanese study, which

included 27,360 healthy subjects, found significant posi-

tive correlations between UA and CAVI in both genders,

even though UA values associated with increased CAVI

were lower in females than in males.55

Some other studies found a stronger association between

UA and arterial stiffness in women than in men, or a

significant association only in women but not in men. In

a retrospective cross-sectional study that included 66,917

middle aged Korean subjects with a mean age of 39.4 years

and low cardiovascular risk, serum UA quintiles were lin-

early correlated with baPWV in women, while in men,

a J-shaped correlation was found. The associations were

more consistent and stronger in women than in men. The

authors suggested that high UA may have unfavorable

vascular effects even in low-risk populations, but they

underlined the possible influence of the ethnic lifestyle on

their results.56 A previous Korean study conducted in

asymptomatic healthy subjects with a mean age of 50.6

±8.9 years who underwent a health examination failed to

find any association between UA and arterial stiffness in

women and men younger than 55 years. High-normal or

greater UA levels were associated with an increased risk of

arterial stiffness, measured as baPWV, in women older than

55 years, but not in men. In this study, possible associated

conditions, including a history of hypertension, diabetes

mellitus, coronary artery disease, peripheral artery disease,

chronic kidney disease and gout, as well as medications

such as allopurinol, febuxostat, colchicine, probenecid, and

benzbromarone represented exclusion criteria. Subjects with

a coronary artery calcium score greater than 100 were also

excluded. The authors concluded that healthy older women

are exposed to hyperuricemia and have an increased risk of

arterial stiffness.57

In a community-based study of a Southwestern

Chinese population, the authors reported a positive asso-

ciation between increased UA and arterial stiffness mea-

sured as CAVI in females, while in males the results were

not statistically significant.58 In a study on 5116 Chinese

inhabitants of Beijing, UA was independently correlated

with cfPWV only in women and not in men. The authors

reported a higher number of current smokers and hyper-

tensive patients among men who were much younger, with

much lower serum total cholesterol, low-density lipopro-

tein cholesterol and triglycerides compared to women, and

suggested that heterogeneity of cardiovascular risk factors

between men and women might have contributed to the

discrepancies regarding their results.59 In a Japanese study

carried out in 982 individuals who underwent health

screening, a significant direct correlation between UA

and baPWV was found only in women.60 Similarly, in an

apparently healthy Taiwanese population, high UA was

correlated with baPWV only in women, independently of

classical cardiovascular risk factors.61

The mechanism that determines gender differences in

the association between UA and arterial stiffness is not
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known. Young women seem to be protected by estrogens

which favor renal UA elimination, whereas older women

may have an increased risk of hyperuricemia and arterial

stiffness.57

It has been hypothesized that women with hyperurice-

mia may have a relatively increased risk of hyperinsuline-

mia and hyperglycemia compared to men, which may

expose them to vascular alterations associated with hyper-

uricemia. This increased hyperinsulinemia and hypergly-

cemia in women was proposed as a possible explanation

for the stronger association of serum UA with coronary

artery disease in women than in men.62 It has been sug-

gested that women may have an increased vascular hyper-

sensitivity to UA damage because cardiovascular events

and worse prognosis linked to UA are more frequent in

women. In the LIFE (Losartan Intervention For Endpoint

reduction in hypertension) study, the association between

serum UA levels and cardiovascular outcomes was signif-

icant only in women after adjustment for the Framingham

risk score.63 In another study, serum UA was indepen-

dently associated with silent brain infarcts only in

women.64 Additionally, a possible increased risk of cor-

onary heart disease related to hyperuricemia, in women

and not in men has been suggested.65

Other studies, however, found a direct correlation

between UA levels and arterial stiffness only in men. In

a Chinese study which included employees of a factory

and their families, UA was moderately associated with

cfPWV in the entire population and in men. The authors

speculated that the lack of association in women might

have been determined by the small number of women with

increased UA levels.66 In healthy Korean subjects with

normal UA levels, high-normal UA levels were associated

with arterial stiffness only in men after adjustment for

confounders. Serum UA levels above 5.2 mg/dl predicted

increased baPWV in healthy Korean men.67 Among 3588

healthy Brazilian subjects, serum UA was linearly asso-

ciated with cfPWV in men, but not in women.68

The relationship between UA and arterial stiffness at

different central or peripheral sites was evaluated in sev-

eral studies that aimed to identify a possible preferential

site for UA alteration of arterial distensibility. Three large

Chinese studies found a positive correlation between UA

and central artery stiffness.58,59,69

The Cardiometabolic Risk in Chinese Study, which

comprised a large sample of Chinese adults, reported that

serum UA levels were significantly associated with central

arterial stiffness measured as cfPWV, but not with

peripheral arterial stiffness, evaluated as crPWV and car-

otid-dorsalis pedis artery PWV, independently of conven-

tional risk factors, including sex, body mass index, lipids

and glucose metabolism. The authors also reported that the

relationship between UA and cfPWV was stronger in

patients with normal blood pressure than in those with

high blood pressure, suggesting a more important role of

UA in arterial stiffness before the development of hyper-

tension. They also found that high heart rate associated

with increased UA may have synergistic effects on central

arterial stiffness.69

In a study performed in a community from the Western

region of Beijing, cfPWV, crPWV, CAVI and carotid intima-

media thickness were evaluated in relation to UA. People

with higher UA had a significantly increased risk of high

cfPWV and a tendency to increased risk of higher CAVI.

There were no correlations between UA values and crPWV

or carotid intima-media thickness.58

In the community-based investigation of 5116 Chinese

inhabitants of Haidian or Daxing District in Beijing, the

impact of UA on regional PWV revealed that UA levels

were not correlated with peripheral arterial stiffness para-

meters, crPWV and carotid-ankle PWV either in men or in

women. The authors reported an independent correlation

between UA and cfPWV, which was found only in women

and not in men. Concomitantly, wave reflection was eval-

uated by the measurement of Aix75. The analysis of the

correlation revealed a negative linear relationship between

UA and Aix75 in the entire population, which disappeared

after correction for classical risk factors.59

Some other studies documented a correlation of UA

only with peripheral markers of arterial stiffness. In

a Korean community-based study, peripheral arterial stiff-

ness measured as femoral-dorsalis pedis artery PWV and

not aortic PWV was independently correlated with UA.

This relationship was observed in women and only in non-

smoking men with normal blood pressure.70

However, several studies reported no association between

UA and arterial stiffness.

In a study that selected 248 men and 371 women

enrolled in the Brisighella Heart Study population survey,

who were not taking antihypertensive, antidiabetic, lipid-

lowering and UA-lowering drugs, cfPWV and carotid

intima-media thickness were measured together with mul-

tiple metabolic parameters. The authors reported that

patients in the third and fourth quartiles of UA had an

increased prevalence of hypertension and metabolic syn-

drome. Increased UA was independently correlated with
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carotid intima-media thickness, but not with cfPWV. The

linear correlation between UA and cfPWV disappeared

after adjustment for age.71 In a community-dwelling

Chinese population study which included 623 men and

917 women, serum UA was correlated with cfPWV in

univariate analysis but the correlation disappeared in mul-

tivariate analysis.72 Arterial stiffness evaluated as CAVI in

1243 asymptomatic Chinese subjects was not indepen-

dently correlated with UA either in men or in women.73

In another study conducted in 1276 Korean adults

without atherosclerotic cardiovascular disease, diabetes,

renal disease or systemic disease, treatment affecting

serum UA levels or medications for hypertension or dysli-

pidemia, serum UA was not associated with arterial stiff-

ness evaluated as baPWV and heart femoral PWV.74

The results of cross-sectional studies evaluating the

relationship between UA and arterial stiffness in the gen-

eral population are conflicting. Several explications may

be speculated. The populations included were of different

ethnicities and had various cardiovascular risk factors,

which might have influenced vascular parameters and

serum UA values. Moreover, the adjustment did not con-

sider in all studies the protein intake or the administration

of diuretics. The different parameters and methods used to

measure arterial stiffness might also have contributed to

the discrepancies between studies. Moreover, the effects of

UA on vascular structure and function, along the arterial

tree, are not clear and remain to be established by further

research.

Prospective Studies
Several studies prospectively evaluated the relationship

between UA and arterial stiffness. A subgroup of subjects

from the Baltimore Longitudinal Study of Aging, which

included community-dwelling elderly individuals, had

repeated measurements of UA and cfPWV at baseline

and over a median follow-up period of 6 years. The

study found a significant independent relationship between

increased serum UA and increased cfPWV over time in

men but not in women. This gender difference was attrib-

uted to the fact that men had higher values of UA than

women and longtime exposure to increased UA might

have contributed to vascular alterations. The exclusion of

subjects with high UA levels determined the loss of the

significant association between UA and cfPWV. The study

also showed a greater increase in PWV with aging in male

subjects with higher serum UA values independently of

age, blood pressure, renal function and metabolic

parameters.75 In another study, which evaluated 407 nor-

motensive subjects (in 2002 at baseline and in 2011 or

2012 at the end of the study), serum UA predicted

increased baPWV after adjustment for classical risk fac-

tors, including age, sex, body mass, systolic blood pressure

and lipid parameters. Serum UA was also a predictor of

decreased renal function.76

The relationship between serum UA and peripheral

arterial stiffness measured as crPWV was investigated in

a prospective study of a population in the Pingguoyuan

area (China). Higher baseline UA (corresponding to the

third and fourth quartiles) was an independent predictor

for increased crPWV after a period of 4.8 years of follow-

up. The separate evaluation of patients with or without

metabolic syndrome found that UA levels did not correlate

with peripheral arterial stiffness in the metabolic syndrome

group, while in non-metabolic syndrome patients, an inde-

pendent relationship between UA and crPWV was

reported, after adjustment for classical risk factors, includ-

ing age, gender, diabetes mellitus, blood pressure and

parameters of lipid metabolism. The results of this study

indicated an important role of high-normal UA levels in

predicting peripheral arterial stiffness, particularly in

healthy subjects.77

UA and Arterial Stiffness in Various

Conditions

Hyperuricemia, Hypertension and

Arterial Stiffness
Hyperuricemia is frequently seen in patients with

hypertension,78–80 but a causal relationship between them

has not yet been established. However, several experimen-

tal and clinical studies suggest a possible pathogenetic role

for UA in the development of hypertension.

In rodents, hyperuricemia caused by uricase inhibitor

oxonic acid determined increased blood pressure, while

treatment with the XO inhibitor allopurinol or the urico-

suric substance benziodarone prevented the development

of hypertension.81

In humans, a number of observational studies reported an

independent association between UA and arterial stiffness

and/or wave reflection parameters in hypertensive

patients.82–85 In 1225 newly diagnosed, never-treated hyper-

tensive patients, increased UAwas independently correlated

with cfPWV in both genders.84 In contrast, in 222 untreated

hypertensive patients with gout, increased cfPWV was asso-

ciated with mild hyperuricemia in univariate analysis, but the
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association weakened after correction for classical risk fac-

tors and lost statistical significance after further adjustment

for albuminuria. The authors emphasized the fact that they

adjusted their results for albuminuria, a parameter that was

not taken into consideration in other studies.86 However, it

was shown that increased values of serum UA accompany

microalbuminuria.87

Tsioufis et al88 studied 450 consecutive subjects with

never-treated, newly diagnosed (within the last 2 years) stage

I–II essential hypertension and found that UA was indepen-

dently associated with C-reactive protein and adiponectin

levels, but the association with cfPWV disappeared after

adjustment for confounders. The authors speculate that the

close correlation of UAwith C-reactive protein and adiponec-

tin may suggest that systemic inflammation and hypoadipo-

nectinemia which accompany hyperuricemia may mediate

UA-associated vascular damage. Another study conducted in

newly diagnosed hypertensive patients from the HARVEST

study, with amean age of 31±8 years, found that increased UA

values were associated with low pulse pressure amplification,

but not with aortic PWVor Aix.89

In a study investigating carotid structural and func-

tional parameters in treated hypertensive patients, UA

was independently correlated with the internal carotid

resistive index (a measure of carotid stiffness and micro-

angiopathy) in women, but not in men.90 All the other

parameters, including intima-media thickness, Young’s

elastic modulus, arterial compliance and the stiffness

index, were not associated with UA after adjustment for

confounders. The internal carotid resistive index is an

early sign of vascular damage which precedes intima-

media thickening,91 and it has been speculated that hyper-

uricemia may be associated with an increased risk of

intracranial microvascular damage.90

In another study, which comprised 366 treated hyper-

tensive subjects with various vascular risk factors, includ-

ing diabetes mellitus and metabolic syndrome, UA was

independently correlated with cfPWV only in women,

after adjustment for classical risk factors. Moreover, UA

was positively correlated with the ambulatory arterial stiff-

ness index in women, but not in men.92

In prospective studies, increased UA predicted the devel-

opment of hypertension, after adjusting for traditional cardi-

ovascular risk factors.93–98 Asymptomatic hyperuricemia in

patients without comorbidities was an independent predictor

for the development of hypertension.99 Hyperuricemia was

also a predictor for the development of hypertension in

patients with prehypertension, after adjusting for classical

risk factors.100 Tomiyama et al101 also found a longitudinal

association between hyperuricemia and hypertension in 3274

Japanese men without hypertension followed up over

a period of 8 years. UA, baPWV, C-reactive protein, esti-

mated glomerular filtration rate and blood pressure were

measured annually. After adjustment for classical risk fac-

tors, baPWV and C-reactive protein showed a longitudinal

correlation with the new onset of hypertension. This study

suggested that arterial stiffness and inflammation may be the

link between hyperuricemia and the development of hyper-

tension. The association was present only in men and not in

women. The lack of correlation in women was explained by

the small number of women included in the study and by the

high threshold used to define hyperuricemia, similar for both

genders – 7.0 mg/dl. In subjects with treated hypertension,

a longitudinal relationship between increased UA and

reduced flow-mediated vasodilatation was also found.102

The influence on endothelial function may further explain

UA increase in wave reflection and arterial stiffness.

UA and Arterial Stiffness in Diabetes

Mellitus and Metabolic Syndrome
It has been shown that UA is related to insulin resistance44

and represents an independent predictor for the development

of type 2 diabetes mellitus.103,104 Moreover, an independent

predictive value of elevated UA for vascular complications

and mortality of diabetic patients has been reported.105 On

the other hand, pathophysiological mechanisms induced by

obesity and metabolic syndrome may cause hyperuricemia.

Metabolic syndrome associated hyperinsulinemia increases

urate reabsorption in the renal proximal tubule, augmenting

serum UA.106 Adipose tissue dysfunction in obese subjects

may be associated with increased XO activity and UA

synthesis107 leading to oxidative stress and chronic low-

grade inflammation. Arterial stiffness has been associated

with diabetes mellitus and metabolic syndrome. Endothelial

dysfunction, increased formation of advanced glycation end-

products causing cross-linking with stiff collagen formation,

low-grade inflammation and activation of the renin-

angiotensin-aldosterone system are some important mechan-

isms that may contribute to arterial stiffness development in

diabetes.108

The relationship between UA and arterial stiffness has

been investigated in several cross-sectional studies in dia-

betic and metabolic syndrome subjects, leading to conflict-

ing results.
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A study, which cross-sectionally investigated the asso-

ciation between serum UA levels and cfPWV and crPWV

in male patients with newly diagnosed type 2 diabetes

mellitus, found that UA was an independent predictor of

both central (cfPWV) and peripheral arterial stiffness

(crPWV).109 In elderly Chinese (1020 subjects older than

60 years) with metabolic syndrome, UA correlated with

baPWV after adjustment for gender, age, blood pressure,

body mass index, serum creatinine, high-density lipopro-

tein, and insulin resistance.110

Negative results were reported in a cross-sectional

study including 614 adults from the Maastricht study

with a mean age of 58.7±8.5 years, of whom 23.2% with

diabetes mellitus, which evaluated the relationship of UA

with cfPWV, carotid and femoral artery compliance, and

carotid artery Young’s elastic modulus. UA was not inde-

pendently associated with aortic, carotid or femoral arterial

stiffness after adjustment for classical cardiovascular risk

factors either in non-diabetic or in diabetic patients.111

Large prospective studies including subjects with

impaired glucose metabolism are needed to clarify the

role of UA in the development of arterial stiffness in this

high cardiovascular risk population.

UA and Arterial Stiffness in Chronic

Kidney Disease (CKD)
The progression of CKD is accompanied by a gradual

increase in arterial stiffness.112 The possible mechanisms

involved in the development of arterial stiffness in CKD

are complex and incompletely elucidated. Alteration of the

extracellular matrix caused by increased matrix metallo-

proteinase production, degradation of elastic fibers, accu-

mulation of advanced glycation end products, increased

oxidative stress and systemic inflammation, activation of

the renin-angiotensin-aldosterone system and vascular cal-

cification are some important processes involved in arterial

stiffening in CKD.113 Once developed, arterial stiffness

increases systolic blood pressure and decreases diastolic

blood pressure, leading to increased pulse pressure. This

increased pulsatility is transmitted to distal arteries, includ-

ing glomerular microcirculation, and may worsen kidney

function.114

Hyperuricemia is a common finding in CKD, which

persists in dialysis patients115 and also, in a great propor-

tion of patients after renal transplantation.116

It has been shown that in patients with CKD, hyperur-

icemia is independently associated with an increased risk of

cardiovascular and all-cause mortality.117 Hyperuricemia-

induced vascular damage may be one possible cause of this

increased mortality in CKD patients. However, the results of

studies investigating the relationship between UA and arter-

ial stiffness in CKD patients are conflicting. In a cross-

sectional study that included 399 patients with hypertensive

CKD, serumUAwas associated with cfPWVonly in women,

but the significance disappeared in adjusted analysis.

Nevertheless, UAwas independently associated with Aix in

the entire population and also in men.118 These results sug-

gest a predominant influence of increased UA on wave

reflection, which may be explained by UA alteration of

endothelial function. It has been shown that endothelial dys-

function andmicrovascular alterationsmaymodify Aix with-

out influencing aortic PWV.10

A study in 645 subjects on peritoneal dialysis found

a significant direct association between baPWV and UA in

young male patients. The results were not significant in

women, and the authors explained this gender difference

by the lower UA levels in women. In a subgroup of male

patients with low levels of UA, the significance of the

association was lost.119

After renal transplantation, no significant correlation

between serum UA and PWV, Aix, small and large artery

elasticity and systemic vascular resistance was found. The

authors explained this lack of association by the multiple

non-traditional factors that might have influenced this rela-

tionship after renal transplantation, including various donor-

related aspects, duration of dialysis prior to transplantation,

graft function, and immunosuppressive therapy. In the sub-

group that received UA-lowering treatment, there was no

significant amelioration of arterial parameters.120

Although CKD patients have increased UA levels and

arterial stiffness, the results of studies evaluating the rela-

tionship between UA and vascular parameters are not

conclusive. The various cardiovascular risk factors asso-

ciated in CKD patients may impact in different ways both

vascular and kidney structure and function and may influ-

ence the relation between UA and arterial stiffness.

UA and Arterial Stiffness in Patients with

Manifest Atherosclerosis
In a study conducted in patients with stable angina pectoris

or acute coronary syndromes, the relationship of arterial

stiffness and arterial wave reflection with serum UA, total

bilirubin and inflammatory status, evaluated as neutrophil

to lymphocyte (N/L) ratio, was investigated cross-
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sectionally. The results indicated that increased arterial

stiffness and arterial wave reflection were associated with

a higher N/L ratio, higher serum UA levels, and lower

serum total bilirubin levels both in stable and unstable

coronary artery disease. The authors suggested that

increased UA together with a higher N/L ratio and low

bilirubin levels may represent an increased risk of arterial

stiffness in coronary syndromes.121 In stroke survivors,

UA was independently associated with increased carotid

PWV.122 Future studies must test if treating hyperuricemia

in clinically manifest atherosclerosis may favorably impact

arterial stiffness and patients’ prognosis.

UA and Arterial Stiffness in

Postmenopausal Women
Two Korean studies conducted in postmenopausal women

found a direct correlation between UA and arterial

stiffness.123,124 One of these studies found that UA was an

important determinant of arterial stiffness after adjustment

for risk factors in 841 postmenopausal women aged 50 years

or older.123 In the other study, which included 293 postme-

nopausal women with an abnormal range of serum UA,

a J-shaped relationship between UA and arterial stiffness

was reported. Patients in the first quartile of serum UA had

a more increased risk for an elevated baPWV than subjects in

the second quartile. The highest risk for increased arterial

stiffness was in the fourth quartile. The authors speculated

that reduced UA may have increased systemic oxidant activ-

ity and favored arterial stiffness, while patients in the second

quartile of UA may have benefited from the antioxidant

properties of UA, with a reduced risk of arterial stiffness.

The greatest values of baPWV in the fourth quartile may

have been the result of increased oxidative stress induced by

high levels of UA. The correlations persisted after adjustment

for age, body mass index, smoking status, alcohol intake,

regular exercise, history of hypertension or diabetes, total

cholesterol level, resting heart rate, and neutrophil-

lymphocyte ratio. However, the authors mentioned that

they did not take into consideration diuretic or allopurinol

treatments which might have influenced UA levels.124

Interventional Studies
The effect of UA-lowering drugs on arterial stiffness

and wave reflection parameters was tested in interven-

tional studies. UA-lowering medication acts by three

main mechanisms: inhibition of UA synthesis (XO inhi-

bitors), increase in UA renal elimination (uricosuric

medication) and reduction in UA by oxidation to allan-

toin (uricase).125

XO Inhibitor Drugs
The most important UA-lowering agents are XO inhibi-

tors, which are classified as purinic (i.e. allopurinol) or

non-purinic (i.e. febuxostat). Accumulating data indicate

that XO inhibitors reduce the risk of major cardiovascular

complications126–130 and mortality, particularly in high-

risk patients.130 Allopurinol is a common indication for

hyperuricemia treatment in patients with gout.

The effects of allopurinol on parameters of arterial stiff-

ness and wave reflection have been investigated in rando-

mized control trials, which included subjects with various

cardiovascular risk factors. A meta-analysis of the rando-

mized controlled studies published before the end of 2015

found a favorable effect of allopurinol in improving Aix. No

significant beneficial effects were reported for aortic

PWV.131

However, in a recent randomized controlled study,

which included patients with mild-moderate chronic heart

failure (New York Heart Association functional class I–

III), short-term (3 month) low-dose allopurinol (300 mg

daily) induced a significant reduction of UA levels (38%

of the baseline UA level), without amelioration of cfPWV,

aortic Aix and baPWV. The authors supposed that the

important baseline alteration of vascular parameters may

explain the negative results of their study.132

The precise mechanisms involved in the vascular effects

of allopurinol are not known, but the decrease in oxidative

stress,133–135 systemic inflammation,136 advanced glycation

end products137 or reduction of blood pressure values136,138

under allopurinol treatment may all contribute to improving

arterial stiffness. Moreover, it has been shown that the

amelioration of endothelial function is mainly related to

the reduction of oxidative stress and not to the degree of

UA lowering. The predominant effect of allopurinol on Aix

compared to aortic PWV has been explained by the fact that

the decrease in oxidative stress which improves endothelial

function predominantly influences wave reflection and

Aix.131 The short duration of allopurinol treatment, which

might have been insufficient to influence great artery struc-

ture and aortic PWV, may be another explanation.

Febuxostat, a novel non-purinic XO inhibitor, has

a very strong hypouricemic effect which is linked to its

ability to block both isoforms of XO, whereas allopurinol

inhibits only the reduced form.139 Experimentally, febuxo-

stat showed to have an important effect on endothelial UA
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because it reduces UA sequestrated along the arterial

endothelium, with direct consequences on vascular oxida-

tive stress.140

In humans, febuxostat has greater antioxidant, renopro-

tective and anti-atherogenic effects than allopurinol.141,142

In a study that compared cfPWV in patients with chronic

tophaceous gout treated with allopurinol or febuxostat for

one year, the results indicated a significant increase in

cfPWV in patients treated with allopurinol compared to

those treated with febuxostat, who presented no changes in

cfPWV.143 In contrast to these studies showing superior

protective vascular effects of febuxostat compared to allo-

purinol, a meta-analysis that evaluated the effects of UA-

lowering medication on cardiovascular outcomes found no

statistical differences between febuxostat and allopurinol

in the incidence of cardiovascular events. Moreover, the

authors reported a trend for less favorable cardiovascular

outcomes with febuxostat.144

Preliminary results of CARES (Cardiovascular Safety

of Febuxostat and Allopurinol in Participants With Gout

and Cardiovascular Comorbidities) trial, which investi-

gated over 6000 patients with gout and cardiovascular

diseases and compared cardiovascular outcomes asso-

ciated with febuxostat to those associated with allopurinol,

indicate that febuxostat was not inferior to allopurinol

regarding the rates of cardiovascular events, but all-cause

and cardiovascular mortality was higher with febuxostat

than with allopurinol.145 The most recent meta-analysis of

randomized clinical trials, which investigated the safety of

febuxostat compared to allopurinol or placebo, found an

increased risk of cardiovascular death associated with

febuxostat treatment, while the risk of cardiovascular

events was not increased by febuxostat. The authors

recommend caution when deciding to give febuxostat to

high cardiovascular risk patients.146

Uricosuric Medication
Among medications known to induce renal uric acid elimina-

tion, sodium-glucose transport protein 2 (SGLT-2) inhibitors

were the most studied drugs in relation to arterial stiffness.

SGLT-2 inhibitors are a new class of hypoglycemic

medication which reduces plasma glucose by inhibiting

its renal reabsorption. Concomitantly, SGLT-2 reduces

UA due to an uricosuric effect. SGLT-2 inhibitors have

been shown to reduce cardiovascular disease, total mortal-

ity and heart failure hospitalizations. The mechanisms

involved in these favorable cardiovascular effects are

partly unknown, but blood pressure lowering, increased

natriuresis, weight loss and decrease in arterial stiffness

are discussed.147

Few studies have investigated the effects of SGLT-2

inhibitors on arterial stiffness and UA. In a study conducted

in 20 type 2 diabetic patients with hypertension, the associa-

tion of canagliflozin with metformin and amlodipin for 6

months significantly lowered blood pressure, UA and

cfPWW as compared to baseline parameters. In addition to

blood pressure reduction, a decrease in UAwas mentioned as

one of the possible mechanisms involved in vascular protec-

tion by canagliflozin.148 In another study of 19 patients with

type 2 diabetes mellitus, anagliptin, a dipeptidyl peptidase-4

inhibitor, was replaced by tofogliflozin, a SGLT-2 inhibitor.

After 6months of treatment, CAVIwas significantly reduced,

concomitantly with markers of visceral obesity, advanced

glycation end products and UA.149 Empagliflozin, a potent

and highly selective SGLT-2 inhibitor,150 was shown to

reduce blood pressure and improve measures of arterial

stiffness in diabetic patients.151,152

However, the protective cardiovascular effect of SGLT-

2 inhibitors has been shadowed by the results from post-

marketing studies which indicate significant adverse

effects, such as an increased risk of diabetic ketoacidosis

and leg amputations.153

Drugs That Increase UA Removal
Urate oxidase is used as a drug for the treatment of acute

hyperuricemia in cancer patients receiving chemotherapy

and in refractory gout patients.

In a small study conducted in ten patients with diabetes

and ten healthy controls, infusion of intravenous urate

oxidase reduced UA levels, but did not influence endothe-

lial function and Aix, suggesting that UA reduction may

not have direct vascular effects in diabetic patients.154

Conclusions
The association of UAwith arterial stiffness is documented

in studies developed in the general population and also, in

various conditions including menopause, hypertension,

diabetes mellitus or chronic kidney disease. The increased

oxidative stress and systemic inflammation associated with

elevated levels of UA may be one of the possible mechan-

isms explaining this association. It is not clear whether UA

is only a marker of increased arterial stiffness or an active

mediator in the development of vascular alteration.

Moreover, it has been speculated that oxidative stress

induced by XO in the process of UA synthesis, but not

UA itself, is the main cause of vascular damage, because
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UA in normal concentrations is a potent antioxidant and

a possible vasculoprotector. However, it is supposed that

hyperuricemia plays a role in the development of arterial

hypertension and that UA-induced hypertension is

mediated by arterial stiffness.45 It is not clear whether

there is a gender specific relationship between UA and

arterial stiffness. Furthermore, the effect of UA along the

arterial tree has not yet been established.

Lowering UA may improve arterial stiffness, but this

effect is more evident with XO inhibitors. It is supposed

that the favorable effects of XO inhibitors are particularly

related to their ability to reduce oxidative stress and are

less correlated with the amount of UA lowering. Future

large interventional studies are needed to clarify if UA-

lowering drugs are efficient in reducing vascular altera-

tions and, subsequently, cardiovascular risk. This would

add evidence to support the indication for hyperuricemia

treatment in order to prevent cardiovascular events.
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