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Abstract

To determine whether arterial responsiveness is impaired among patients with gout, and whether
arterial responsiveness inversely correlates with serum urate and inflammatory measures. This is a
cross-sectional study of untreated gout subjects (7= 34) and non-gout healthy controls (7= 64).
High-resolution dynamic ultrasound-measured flow-mediated dilation (FMD) and nitroglycerin-
mediated dilation (NMD) assessed endothelium-dependent and endothelium-independent arterial
responsiveness respectively. Serum urate (SUA) and high-sensitivity C-reactive protein (hsCRP)
were measured in the gout group, and correlated with FMD and NMD responses. Both FMD (2.20
+0.53 vs 3.56 £ 0.31, p=0.021) and NMD (16.69 + 1.54 vs 24.51 + 0.90, p = 0.00002) were
impaired in the gout versus control group. Stratification for individual comorbidities suggested
that no single risk factor accounted for impaired FMD/NMD in the gout subjects. However, the
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degree of association between gout and FMD, but not NMD impairment, was dampened after
multivariable adjustment (FMD unadjusted beta = — 1.36 (SE 0.58), p= 0.02; adjusted beta = -
1.16 (SE 0.78), p=0.14 and NMD unadjusted beta = — 7.68 (SE 1.78), p < 0.0001; adjusted beta
= - 5.33 (SE 2.46), p=0.03). Within the gout group, there was an inverse correlation between
FMD and sUA (R=- 0.5, p=0.003), and between FMD and hsCRP (R = - 0.42, p=0.017),
but not between NMD and sUA or hsCRP. Compared with healthy controls, subjects with gout
have reduced arterial function. Individual comorbidities are insufficient to account for differences
between gout and control groups, but multiple comorbidities may collectively contribute to
impairment in endothelium-dependent arterial responsiveness. Endothelial impairment is also
related to SUA and hsCRP, markers of gout severity and inflammation respectively. Studies to
determine whether gout therapy may improve arterial responsiveness are warranted.
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Introduction

Gout is the most common inflammatory arthritis [1] and is associated with multiple
comorbidities, including hypertension, chronic kidney disease (CKD), type 2 diabetes
mellitus (DM), and hyperlipidemia (HL) [2, 3]. Gout is also an independent risk factor for
coronary artery disease (CAD), and both gout, and its biochemical precursor hyperuricemia,
are independently associated with increased CAD-associated morbidity and mortality [4-6].
Despite mounting epidemiologic evidence of the association between gout and CAD, only
limited evidence is available regarding potential contributory mechanisms through which
gout may adversely affect the vasculature.

Arterial function is essential to vascular health, and endothelial dysfunction is a common
correlate of arterial disease. Endothelial cells regulate leukocyte and platelet adhesion

and generate vasoactive substances, including nitric oxide (NO) that act on smooth

muscle to promote arterial vasodilation [7]. Arterial function can be measured in the
peripheral circulation through physiologic exposure of the endothelium to laminar flow,
which promotes release of vasoactive substances and subsequent smooth muscle responses
[7]. Flow-mediated dilation (FMD) of the brachial artery [8] is a noninvasive, accurate,
reproducible [9], and commonly used technique to measure endothelial-dependent arterial
responses. Subsequent administration of sublingual nitroglycerin bypasses the endothelium
and permits direct assessment of endothelial-independent smooth muscle function (nitrate-
mediated dilation, NMD). Endothelial dysfunction identified by FMD has been associated
with an increased 5-year incidence of atherosclerosis and cardiovascular events [10].

The potential effects of gout on vascular health are multiple. In vitro, endothelial cells
exposed to urate experience suppressed NO release [11], whereas smooth muscle cells
respond to urate with increased migration and proliferation, possibly promoting a state
of “muscle-bound” vasculature [12]. Consistent with the in vitro effects of urate, patients
with hyperuricemia plus various comorbidities (e.g., chronic kidney disease [13, 14],
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chronic heart failure [15], and ischemic stroke [16]), as well as patients with asymptomatic
hyperuricemia alone [17, 18], display worse arterial function as measured by FMD. In
addition to possible direct effects of hyperuricemia, increased CAD risk in gout patients
could derive from acute and chronic inflammation [19]. Atherosclerosis is an inflammatory
process [20]; elevated C-reactive protein (CRP) and other inflammatory markers are
associated with increased adverse events across the spectrum of CAD, and CRP reduction is
independently associated with reduced coronary events [21]. Moreover, multiple rheumatic
diseases characterized by systemic inflammation are associated with increased rates of CAD
independent of traditional risk factors [22, 23]. CRP is elevated both acutely and chronically
in gout [19, 24-26], but the impact of gouty inflammation on CAD is not well-defined.

In contrast to hyperuricemia per se, studies into the relationship between gout and
cardiovascular disease have largely focused on CAD clinical outcomes, with only limited
evidence available directly relevant to arterial function. To address the paucity of available
data on arterial function in gout, we measured FMD and NMD in untreated gout subjects,
and compared the results to a group of non-gout controls. We additionally examined the
relationship between serum urate (SUA), high-sensitivity CRP (hsCRP), and arterial function
in the subjects with gout.

Materials and methods

Subjects and controls

The Institutional Review Boards of the New York Harbor Health Care System of the
Department of Veterans Affairs and New York University (NYU) School of Medicine
approved the current study. Written informed consent was obtained from all subjects. Male
subjects at least 18 years of age, who fulfilled the 2015 American College of Rheumatology
classification criteria for gout [27]), and met indications for urate-lowering therapy
according to the 2012 American College of Rheumatology Guidelines for Management

of Gout [28], but had not received any urate-lowering therapy (allopurinol, febuxostat, or
probenecid) or colchicine for at least 30 days, were enrolled in the gout group. Patients
were excluded if they were actively taking glucocorticoids. Previous non-steroidal anti-
inflammatory drug (NSAID) use was permitted in the prior 30 days on an as-needed but

not chronic basis, and not at the time of assessment. Patients were additionally excluded if
they had stage 4 or 5 CKD. Subjects were recruited through their rheumatologists or primary
care physicians at the New York Campus of the New York Harbor Health Care System of
the United States Department of Veterans Affairs, or through rheumatologists at the NYU
Center for Musculoskeletal Care and the NYU Hospital for Joint Diseases Arthritis Clinic.

To serve as a healthy control population, male subjects without gout were included from a
control cohort participating in a prospective study of the impact of iron stores on vascular
endothelial function (manuscript submitted). These individuals were voluntary blood donors
who had been deferred from active donation for at least 2 years due to extended residence in
Europe, or for other administrative reasons. They were otherwise in generally good health,
including absence of cancer, hepatitis, HIVV/AIDS, organ failure, and recreational drug use
by injection. Additional exclusion criteria for the healthy control group included diabetes
mellitus (DM) (defined as history of DM, fasting glucose > 100 mg/dL, or taking DM
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medications), current tobacco use, and surface electrocardiographic evidence consistent with
CAD.

Covariates of interest

Data on patient demographics, medical history, and current medication use were obtained by
direct interview and from chart review at the time of enroliment. All data were entered and
maintained in a secure web-based REDCap database [29].

Assessment of vascular endothelial function and vascular smooth muscle cell
responsiveness

FMD was assessed as brachial artery responsiveness after transient distal arterial occlusion,
as previously described [30, 31]. Briefly, subjects and controls underwent FMD using

a high-resolution duplex ultrasound imaging system (SonoSite, Inc., Bothell, WA, USA)
connected to an 11-MHz linear array transducer with an axial resolution of < 0.1 mm

and a computer-assisted edge detection system (AMS software) [32]. All procedures were
performed by a single trained technician (ID) who was aware of the study the subject was
enrolled in but otherwise blinded to the subject’s clinical condition. After allowing the
subject to rest quietly for several minutes, the brachial artery diameter (trailing edge of

the anterior intima-lumen interface to leading edge of the posterior lumen-intima interface)
was measured at end-diastole before and after transient arterial occlusion (forearm blood
pressure cuff inflation to 50 mmHg above systolic blood pressure for 5 min) [33]. FMD
was determined as the percent increase in brachial diameter from baseline to 1 min

after occlusion release. Subsequently, subjects were administered a single 0.4-mg dose of
sublingual nitroglycerin. NMD was determined as the percent increase in brachial artery
diameter from baseline (pre-blood pressure cuff inflation) to 5 min after nitroglycerin
administration.

All vascular studies were performed in a quiet, temperature-controlled environment. With a
small number of exceptions for patient safety or ability, studies performed in a fasting state,
and subjects were requested to hold any morning dose of beta-blockers or calcium channel
blockers until the completion of the procedure.

Laboratory studies

Blood was collected immediately after the FMD/NMD studies in the gout subjects, and SUA
and hsCRP levels were assessed using the hospital clinical laboratory.

Statistical methods

Continuous variables were summarized using mean and standard deviation. Categorical
variables were presented as proportions. Two-sample ftest was used in the comparison of
the mean difference between groups for continuous variables. Chi square/Fisher’s Exact
test was used in the comparison of proportions between groups for categorical variables.
Multivariable linear regression analysis modeled the outcome FMD and NMD over case
(yes for gout and no for non-gout control) with adjustments to estimate whether gout was
associated with lower values of outcome (FMD/NMD) after controlling the risk factors
including age, BMI race, hyperlipidemia (HL), and hypertension (HTN). These associations
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were expressed as percent difference (8) and standard error (SE). Correlations between
FMD/NMD and sUA and hsCRP levels among gout subjects were assessed using the
Pearson correlation coefficient.

Subject demographics

Ninety-eight subjects were included in the study: 34 had a diagnosis of gout and 64 were
non-gout controls. Table 1 summarizes the baseline characteristics. Gout subjects had a
non-significant trend for older age, and (consistent with prior studies) a significantly higher
mean BMI than the control subjects. Compared to the controls, a lower proportion of the
gout subjects were white. As per enrollment criteria, some gout subjects, but no controls,
had CAD or DM or were current smokers. Gout subjects also had a higher prevalence of
CKD, hypertension, and hyperlipidemia. Seventy-four percent of the gout subjects (7= 25)
had never used urate-lowering therapy (not shown). Among the nine subjects who had used
urate-lowering therapy, the mean time since prior use was 4.3 years (range, 3 months to 20
years). Twelve patients reported using NSAIDs on an as-needed basis (ibuprofen, 6 patients;
naproxen, 3 patients; indomethacin, 2 patients; etodolac and meloxicam, 1 patient each);
none were actively taking NSAIDs at the time of study evaluation.

Endothelial and smooth muscle arterial response in gout subjects versus controls

Both FMD and NMD were significantly impaired in the gout subjects compared to those

in the non-gout controls (Fig. 1). To examine the impact of comorbid conditions on

arterial impairment, we compared gout and control subgroups lacking specific comorbid
risk factors. Despite a reduced number of subjects available for these sub-analyses, FMD
and NMD remained numerically lower in the gout subjects versus controls. Because African
American race and smoking have been reported to be associated with diminished arterial
function [34, 35], we also compared FMD and NMD among whites only, and among
non-smokers only, between the gout and control populations. In both of these sub-analyses,
we observed persistent near-significant (FMD) and significant (NMD) differences between
the gout and control groups (Table 2).

To explore these observations further, we modeled FMD and NMD over case (yes for

gout and no for non-gout control) after controlling for multiple risk factors including

age, BMI, race, hyperlipidemia, and hypertension. In these analyses, FMD values were
again significantly lower for gout subjects compared with non-gout controls on univariate
assessment, but did not achieve significance after multivariable adjustment. In contrast, the
presence of gout associated with a lower value of NMD both in univariate analysis, and after
multivariable adjustment (Table 3).

FMD and NMD in gout subjects according to comorbidities

To further understand the potential role of comorbidities on decreased arterial function in
gout subjects, FMD and NMD were compared among gout subjects with versus without
specific risk factors for decreased arterial responsiveness (Table 4). We observed no
significant differences in FMD or NMD in gout subjects with versus without various
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individual cardiovascular risk factors, suggesting that the presence of any of these
comorbidities individually may be insufficient to account for the diminished arterial function
observed in the gout group overall. In contrast, non-gout controls with hypertension had
impaired FMD compared to non-gout controls without hypertension, confirming a role for
hypertension independent of gout (FMD in control subjects with vs without hypertension,
2.72 + 0.5 vs 3.81 + 0.4%, p=0.05). Similarly, gout patients with hypertension had
significantly impaired FMD when compared with the non-hypertensive healthy controls
(2.39 + 0.64 vs 3.81 £ 0.04%, p=0.04). In contrast, gout patients with hypertension had
non-significant impairment of FMD when compared with hypertensive healthy controls
(2.39 £ 0.64 vs 2.72 £ 0.52%, p = 0.3), again underlining that both traditional risk factors
and gout per se appear to contribute to endothelial dysfunction.

Although FMD was numerically reduced in both the African American and current

smoker gout cohorts, these differences did not achieve significance. In contrast, NMD was
significantly reduced among African Americans, but not among current smokers compared
with non-smokers with gout. When compared with non-smoking healthy controls, smoking
gout patients did show a lower mean FMD, but the difference did not achieve statistical
significance, likely because the number of smokers was small (smoking gout patients vs
non-smoking controls, FMD = 2.57 + 1.4 vs 3.56 + 0.31%, p = 0.25). Because smokers were
excluded from the control group, we were not able to compare gout smokers with a smoking
control group.

FMD and NMD in gout subjects: correlation with markers of gout disease severity

Hyperuricemia is a prerequisite for the development of gout, and patients with higher levels
of hyperuricemia are more prone to incident gout as well as more frequent and more

severe gout attacks [36]. Similarly, recent reports suggest that gout patients experience
chronic as well as acute inflammation, which may be more strongly associated with duration
and/or severity of disease [19]. We therefore assessed for correlations between measures of
arterial responsiveness, and levels of SUA and hsCRP, within the gout group. We observed
significant inverse correlations between sUA and FMD (Fig. 2a), and between hsCRP and
FMD (Fig. 2b), but no significant correlations between sUA or hsCRP and NMD (Fig.

2c, d). These data suggest that gout severity, as indicated by untreated sUA and hsCRP
levels, may be associated with decreased endothelial function. In contrast, smooth muscle
function (NMD) appears to be diminished in gout patients in a manner independent of
disease severity according to these markers.

The presence of tophi and radiographic erosions are additional markers of gout disease
severity [28]. In this study, gout subjects with both tophi and erosions had markedly reduced
FMD responses compared to the non-tophaceous gout population (0.83 = 1.78 vs 1.98 +
0.70). However, the number of gout subjects with both tophi and erosions was small (7= 3),
and the difference did not achieve statistical significance (p= 0.58). Subjects with tophi or
erosions alone did not demonstrate reduced FMD responses (not shown).

Clin Rheumatol. Author manuscript; available in PMC 2021 September 27.



1duosnuep Joyiny vA 1duosnue Joyiny vA

1duosnue Joyiny vA

Krasnokutsky et al.

Page 7

Discussion

This study is the first to report that, compared with healthy controls, gout patients experience
reduced arterial endothelial and smooth muscle function. While an independent association
between gout and CVD has been established in multiple studies [2—-4], the potential
mechanisms for this association are incompletely understood. Our observation adds to the
current literature and suggests an impact of gout on CVD via direct or indirect effects on
arterial function.

Urate is the major antioxidant in human plasma and on that basis was previously considered
to have possible beneficial cardiovascular effects [37]. However, multiple recent studies have
reported associations between elevated sUA levels and adverse cardiovascular outcomes

[4, 5, 38-40]. Consistent with these observations, we observed an inverse correlation
between sUA and FMD in gout subjects. Our data thus resemble those of Mercuro et

al., who reported that non-gout, high-CAD risk subjects with hyperuricemia (mean sUA

9.3 £ 1.8) had considerably impaired FMD compared to hormouricemic, otherwise well-
matched control subjects [41]. Our data may also be consistent with studies suggesting

that elevated sUA concentrations may reduce arterial responsiveness specifically via the
inhibition of endothelial function [11]. How urate may mediate endothelial function remains
uncertain, but some evidence suggests that endothelial cells have transporters that may take
up urate to adversely alter cellular responses, and that increased levels of urate additionally
downregulate the expression of endothelial cell surface efflux transporters to synergistically
promote intracellular urate elevations [42]. Alternatively, it is possible that elevated urate
levels are a surrogate for xanthine oxidase activity, and therefore for the generation of
oxidants which could affect vascular responsiveness [43].

It is increasingly appreciated that gout is characterized not only by excessive inflammation
during acute flares, but also by chronic inflammation during intercritical periods [5-7].
The well-established observation that almaost any form of chronic systemic inflammation
(evidenced in part through CRP elevation) is a risk factor for arterial dysfunction and
atherosclerosis [19, 20] provides a conceptual framework in which patients with gout
might experience endothelial dysfunction as a consequence of their chronic inflammatory
states. In support of such a model, we observed, among gout subjects, a significant inverse
correlation between hsCRP and FMD, in which higher hsCRP levels were associated with
poorer arterial function. Interestingly, when endothelial cells are exposed to urate in vitro,
CRP production increases [44], suggesting a possible entanglement between the urate and
inflammatory effects. In this context, it is interesting to note a recent report by Rongen

et al., exploring the impact of cessation of anti-TNF therapy on vasodilator response in
patients with rheumatoid arthritis (RA). In that study, RA subjects in remission experienced
diminished vasodilator responsiveness to acetylcholine compared to patients continuing
treatment, but only if they also experienced recurrent flare of their RA, suggesting that

the impact of some rheumatic diseases on arterial responsiveness is mediated through the
exposure to inflammation [45]. Whether the adverse effects of inflammation are driven

by the presence of cytokines, or perhaps by the urate-driven intracellular activation of the
NALP3 inflammasome [46], remains a matter of speculation.
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In the current study, subjects with gout were also more likely to have deficits in endothelial-
independent smooth muscle responsiveness, as measured by NMD. Vascular smooth muscle
dysfunction is uncommon; studies of patients with rheumatoid arthritis and lupus patients,
for example, report impaired FMD but normal NMD [47, 48]. Impaired NMD may therefore
distinguish gout from other chronic inflammatory states, and may result in additional
resistance to already-impaired endothelial signaling. Decreased NMD responses in gout
would appear to be consistent with reports that in vitro exposure of smooth muscle cells

to solubilized urate promotes cellular migration, hypertrophy, and inflammatory responses
[12]. However, in contrast to the effects we observed on FMD, NMD failed to correlate
with either SUA or CRP levels. Thus, NMD impairment in gout may be a consequence of
multiple factors, some of which remain to be determined.

The observation that our unselected gout subjects carried many more comorbidities than

a healthy non-gout control group is consistent with prior reports [2, 3], and suggests

the possibility that impaired endothelial and smooth muscle responsiveness among gout
subjects could be due to comorbid conditions associated with impaired vascular function.
However, upon stratification of the subjects to distinguish individuals with or without
specific cardiovascular risk factors or comorbidities, we generally observed persistent FMD
and NMD impairment in the gout compared with the non-gout control group. Moreover,
within the gout subject group itself, FMD and NMD measurements were generally similar
between subjects with versus without the individual comorbidities. These data suggest

that no single comorbidity was sufficient to account for the observed impairment, but do
not exclude the possibility that a combination of comorbidities may have contributed to
impaired endothelial function. Consistent with such an impact, the observed decreases in
FMD, but not NMD, lost statistical significance upon multivariable analysis. However,

the current data do not exclude the alternative possibility that the presence of multiple
comorbidities may serve as an indicator of gout severity, which according to other markers
(sUA and CRP) in our study was associated with decreased endothelial function. Regardless
of the causal association, these observations identify gout patients as likely to have impaired
endothelial and smooth muscle function. While we confirmed the previous observation that
African American subjects have impaired FMD and NMD compared with white subjects
[34], a stratification of only white individuals suggested that race alone was insufficient to
account for the impact of gout on vascular function.

Only one prior study has examined the interaction between gout and peripheral arterial
function. In contrast to our results, Brook et al. reported no impaired vascular function
(including measurements of FMD and NMD) among 20 gout subjects versus 20 non-gout
controls [49]. However, that study excluded gout patients with diabetes, smoking history,
renal disease, or statin use—essentially eliminating many cardiovascular risk factors and
ensuring that gout subjects and controls were similar in most respects other than gout itself.
Thus, generalizability to typical gout patients, who on average carry approximately four
comorbidities each [3], was diminished. Additionally, most gout subjects in the Brook study
had been receiving urate-lowering and/or anti-inflammatory therapies, in many cases for
years, and underwent treatment washout only for brief periods before assessment of SUA,
hsCRP, and vascular function. Thus, in contrast to our study of currently untreated gout
subjects, the Brook study compared vascular function between controls and chronically
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treated, non-comorbid gout patients, whose vascular disease may have been modified by
prior therapy. Additional studies will be needed to clarify the discrepancies between the
study by Brook et al. and our current report.

Strengths of our study include an unbiased inclusion of “typical” gout patients (who

tend to have multiple comorbidities [2, 3]), the inclusion only of subjects not receiving
gout therapies, and the inclusion of a racially diverse population. Our use of both ACR
gout classification and treatment guidelines ensured enrollment of gout patients with a
meaningful disease burden. Limitations include the use of a single tool (FMD/NMD) in

the assessment of arterial function. However, this tool is the current gold standard modality
for peripheral vascular assessment. Another limitation is the relatively limited number of
subjects enrolled, which may have affected our ability to observe statistical significance for
some sub-analyses. In part, because the majority of gout subjects were enrolled from the
Veterans Affairs system, no females were enrolled. While our observations therefore require
validation in females, the majority of gout sufferers in the USA are male, by a ratio of
approximately 3:1 [1].

Conclusion

In conclusion, our data show for the first time that patients with gout have impaired
endothelial-dependent arterial function, as well as impaired endothelial-independent smooth
muscle responses, compared to healthy controls. Both elevated sUA levels, and greater
systemic inflammation (elevated hsCRP), were associated with poorer endothelial-dependent
function. While neither vascular endothelial nor smooth muscle dysfunction could be fully
explained by any individual gout-associated comorbidity, we cannot exclude the possibility
that the accrual of multiple comorbidities among gout patients can collectively impact the
vascular response. Whether appropriate anti-inflammatory and/or urate-lowering therapy can
improve FMD and/or NMD in these subjects remains to be determined.
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Fig. 1.

Comparison of flow-mediated dilation (FMD) (a) and nitrate-mediated dilation (NMD) (b)
among gout subjects compared with non-gout controls. Data shown are mean + SE for each
condition
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Fig. 2.

Relationships between measured arterial function and serum concentrations of urate (SUA)
and high-sensitivity C-reactive protein (hsCRP). a Flow-mediated dilation (FMD) and sUA.
b FMD and hsCRP. ¢ Nitrate-mediated dilation (NMD) and sUA. d NMD and hsCRP
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Table 3

Regression analyses for impact of potential risk factors on flow-mediated dilation (FMD) and nitrate-mediated
dilation (NMD) among gout subjects versus non-gout controls

Outcome Analysis Beta (SE) for casevariable  pvalue

FMD Univariate -1.36 (0.58) 0.02
Multivariate - 1.16 (0.78) 0.14

NMD Univariate -7.68(1.78) < 0.0001
Multivariate - 5.33 (2.46) 0.03

Adjusted for age, BMI, race, hyperlipidemia, and hypertension
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