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Clinical Evidence for the Influence of Uric Acid
on Hypertension, Cardiovascular Disease, and

Kidney Disease: A Statistical Modeling Perspective

Robert A. Short and Katherine R. Tuttle

This article critically evaluates the clinical evidence regarding the influence of uric acid on
hypertension, cardiovascular disease, and kidney disease. Data on these relationships are
largely observational and exceedingly complex. The complexity is owing to indirect and
direct relations, and bidirectional influences, simultaneously operating on multiple out-
comes. Limitations of previous analyses include inadequate statistical methods using only
bivariate correlations or poorly specified multiple regression models. As a result, great
controversy developed as to whether uric acid is an independent predictor of important
outcomes. An example of such analytic limitations is including hypertension as an inde-
pendent variable, together with uric acid, in a multivariate model for predicting cardiovas-
cular disease. Hypertension may predict significant variance in cardiovascular disease, but
the contribution of uric acid may not be recognized if uric acid exerts its influence indirectly
through hypertension. Path analysis, which can model direct and indirect influences on
outcomes simultaneously, would address this substantive question. Studies of uric acid in
relation to hypertension, cardiovascular disease, and kidney disease using a path-analytic
approach would help specify such conditions as well as optimize design of clinical trials to
determine if decreasing uric acid levels improves outcomes.
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he objective of this article is to critically evaluate clinical

evidence concerned with the influence of uric acid on
hypertension, cardiovascular disease, and kidney disease. In-
clusion of evidence in the article will involve a consideration
of the relative contribution of articles based on statistical
properties of the studies. The properties include the number
of patients and, hence, the power of the study; the study
design; the sampling of patients and variables; and the extent
to which the study was focused analytically on the topic area.
A discussion highlights how such properties aid in the inter-
pretation of the literature as a whole. Another objective is to
present a statistical/mathematic model that is used as a frame-
work to classify evidence and determine whether the data
support or negate the model in terms of the associations
between the variables of interest, namely whether uric acid
influences hypertension, cardiovascular disease, and kidney
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disease. In large part, this portion of the article emerges from
controversy surrounding whether uric acid is an indepen-
dent risk factor for hypertension, cardiovascular disease,
and/or kidney disease. The article is not intended to be ex-
haustive but, rather, to bring together a representative sample
of the available data. The overall objective is to present a
framework for interpreting the findings while underscoring
the importance of the mathematic/statistical model as it
drives measurement and interpretation.

Clinical Evidence for the
Influence of Uric Acid on
Hypertension, Cardiovascular
Disease, and Kidney Disease

Serum concentrations of uric acid influence, as well as reflect,
multiple intertwining functions. The available evidence
comes from many different sources that vary in quality and
focus. Large studies with multivariate analysis form the basis
for most of the key interpretations. Evidence for the role of
uric acid in hypertension, cardiovascular disease, and kidney
disease are presented and summarized in Table 1. It is im-
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Tahle 1 Relationships Between Uric Acid, Risk Factors, and
Major Clinical Outcomes

Risk Factors and Outcome

Variables References
Correlations between risk factors
and uric acid
Nonmodifiable
Older age 1-4
Male sex 1-4
African American race 1,16
Lifestyle
Alcohol 11-14
Smoking 1,16
Metabolic syndrome
Hyperinsulinemia/
hyperglycemia 1,4,13,16,27
Obesity 2,4,8,13,16,27-30
Dyslipidemia 2,11-14,16,27

Uric acid as a predictor of
clinical outcomes

All-cause mortality 1,2,12,15,28,36,38,47

Hypertension 29,30,37,38,40,41
Cardiovascular disease
Mortality 1,4,11,47
Myocardial infarction 1,11,38

Atherosclerosis/coronary

heart disease 12-14,28-30,34,35

Congestive heart failure 35,60,62
Kidney disease
Microalbuminuria 42,64,67
Increased serum creatinine
level 8,14,27,38,63,73
Loss of glomerular filtration
rate 63,68,73

portant to note that risk factors influence uric acid levels,
often in conjunction with effects on the outcomes of hyper-
tension, cardiovascular disease, and kidney disease. More-
over, the data largely are observational and, because of inher-
ent limitations of the currently tested statistical models, the
information generates hypotheses but does not establish cau-
sality.

Risk Factors Associated
With Increased Uric Acid Levels

Nonmodifiable and Lifestyle Risk Factors

Considering the nonmodifiable risk factors, evidence is suf-
ficient to conclude that age, sex, and race influence uric acid
levels. Specifically, uric acid increases with age, particularly
in women,'*is higher in men than in women,!-* and is higher
in African Americans than in Caucasians.! Worthy of note is
that investigators often accept evidence for these associations
with uric acid level based solely on bivariate correlations, as
opposed to requiring a statistically independent contribution
in a multivariate model. In addition to the influence on uric
acid, these nonmodifiable risk factors (age, sex, and race) also
directly influence hypertension,>¢ cardiovascular disease,>"8
and kidney disease.”!°

Among the lifestyle factors that can be modified, alcohol
consumption has a potent impact to increase uric acid lev-
els.''"1* Smoking has been found to have a minor affect on
uric acid levels.811-15 In some studies, smoking was associated
with a decreased uric acid level,1'® which may reflect consump-
tion of antioxidants (see later). Lifestyle variables also directly
influence the metabolic syndrome, hypertension, cardiovascu-
lar disease, and kidney disease. Although an in-depth discussion
of these relations is beyond the scope of this article, the epi-
demic of obesity and dietary excess is driving this spectrum of
diseases associated with hyperuricemia.®!”

Metabolic Syndrome

The metabolic syndrome is defined by the constellation of
abdominal obesity, hyperinsulinemia, insulin resistance, hy-
perglycemia, dyslipidemia (hypertriglyceridemia and low
high-density lipoprotein cholesterol), and hypertension. '8!
The metabolic syndrome has been implicated as a major con-
tributor to cardiovascular disease, and likely to kidney dis-
ease, in the developed world.?%23 In addition to the tradi-
tional criteria, uric acid has been linked to the metabolic
syndrome.?*? By inducing endothelial dysfunction, uric
acid may cause resistance to insulin action?® and, conse-
quently, hyperinsulinemia.!®?” Uric acid was correlated
strongly with body weight,*#272% was found to predict obe-
sity,>® and was correlated with serum insulin level 313? In
preliminary studies, we have found that higher uric acid lev-
els predict subsequent development of increased insulin lev-
els in patients who have had a myocardial infarction (Short
and Tuttle, unpublished data). In at least one study, uric acid
level was found to be associated with insulin resistance inde-
pendently of obesity.>* Although uric acid is associated with
other components of the metabolic syndrome,? these rela-
tionships do not exclude the possibility that uric acid also
directly causes complications,* cardiovascular disease, in
particular.?!3*

Uric acid and the metabolic syndrome involve a cluster-
ing of multiple risk factors. Only a few studies conceptu-
alize their analysis in terms of examining such clustering
and present correlation matrices or results of factor anal-
ysis.?>30 Rather, investigators often simply report bivariate
correlations with uric acid. Correlations have been noted
with lipids, glucose, insulin, obesity, and glucose toler-
ance.+13.14.24.27.29.35.36 However, the relative contributions
of the various components to the important clinical con-
sequences of metabolic syndrome remain unresolved.

Effects of Uric Acid on Clinical Outcomes
Hypertension

The role of uric acid in hypertension recently was reviewed
in-depth.” Uric acid has strong correlations with blood pres-
sure and the use of diuretic therapy in the hypertensive pop-
ulation.283839 Diuretics are well known to reversibly increase
serum uric acid levels. Thus, diuretic use typically correlates
with an increase in serum uric acid level and confounds the
bivariate relationship between uric acid and hypertension.
Nevertheless, uric acid level has been shown to be an inde-
pendent risk factor for prediction of hypertension.?%40#! In
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survival studies, uric acid predicted 5-year all-cause mortal-
ity, regardless of whether the patients were on medications
(including diuretics) for hypertension.’® Increases in uric
acid level for hypertensive patients with microalbuminuria
have been noted, but may have been owing to more obesity in
these patients.*? The relationship between uric acid level and
hypertension seems to be stronger in African Americans.?® In
a recent study of untreated adolescents, the correlation of
uric acid level and blood pressure was strong (correlation
coefficient, .8; P < .001) and independent of kidney func-
tion.” Despite such evidence, some investigators dispute that
uric acid level is an independent risk for hypertension or its
complications on the basis of other observational data.**
Again, interpretation of these studies is clouded based on
their observational nature; the complexity of relationships
between uric acid, other risk factors, and clinical outcomes;
and statistical models that do not account adequately for this
complexity.

Cardiovascular Disease

Evidence for the involvement of uric acid in cardiovascular
disease is extensive, and so is the controversy surrounding
the interpretation of the data. Several large studies have
yielded conflicting results regarding the influence of uric
acid level on cardiovascular disease. In the Framingham
Heart Study,?!2:38.46 baseline uric acid levels were found to
predict cardiovascular and all-cause mortality over 20
years. Similar results were reported in a Finnish sample in
which higher uric acid levels predicted all-cause mortality.
Furthermore, in women, a higher cardiovascular mortality
was shown.* Results reported from the National Health
and Nutrition Examination Survey (NHANES) study and
the Chicago Heart Study also suggested that serum uric
acid levels were associated with increased risk for mortal-
ity from ischemic heart disease and all causes, primarily in
women.!?8 Most studies have found such relationships to
be greatest in women;!>:?° yet at least one study found a
stronger association in men.*” A more recent report from
the NHANES data indicated that the relationship between
uric acid level and ischemic heart disease was apparent in
both men and women.!! The relationship between uric
acid and cardiovascular disease also was apparent in the
elderly population.!**:4% In the Systolic Hypertension in
the Elderly Program trial,'* in which diuretics were shown
to decrease cardiovascular morality in the elderly, the pro-
tection from cardiovascular disease was lost in those pa-
tients whose uric acid levels increased. Overall, a number of
other large studies also support uric acid level as a risk factor in
cardiovascular disease 31314:29-31.47.5051,52 with significant rela-
tionships after adjustment for other risk factors and potential
confounders. However, other studies claim that uric acid level
predicts cardiovascular disease, but, after adjusting for other risk
factors, the association becomes nonsignificant.?#2853.> For ex-
ample, in the general population, uric acid level did not predict
electrocardiographic indications of heart disease.?® The Athero-
sclerosis Risk in Communities study found little association be-
tween uric acid level and coronary heart disease events after
adjusting for a variety of risk factors.?> Nevertheless, it is impor-

tant to emphasize that if uric acid causes cardiovascular disease
as a consequence of causing hypertension or renal disease, then
it may not consistently be independent of these factors in a
typical multivariate analysis with cardiovascular events as the
dependent or outcome variable.*®

In studies in which increased risk for cardiovascular dis-
ease was shown, the idea of a J-shaped risk profile has been
suggested. The lowest levels of uric acid yield an increased
risk relative to levels in the range of approximately 5.2 to 5.5
mg/dL, which yield the lowest risk, and levels greater than 6
mg/dL yield the highest risk.72°" Because uric acid is the
by-product of purine metabolism in which a free radical is
formed, uric acid level may be a marker of oxidative stress.”®
An important yet opposing influence of uric acid level is its
antioxidant properties.”’®>° The increase in serum uric acid
level in patients with cardiovascular disease may reflect a
compensatory mechanism to counter the oxidative stress that
occurs with tissue hypoxia.>> Thus, the higher levels of uric
acid corresponding to high risk may reflect response to tissue
injury, whereas the higher risk at lower uric acid levels may
be the result of decreased antioxidant capacity. In patients
with congestive heart failure, uric acid is higher than in
healthy controls® and strongly predicts mortality.®! More-
over, in congestive heart failure patients, higher uric acid
levels reflect a lower anaerobic threshold, an indicator of
illness severity.®? In patients with atherosclerotic heart dis-
ease, high uric acid levels were correlated with high total
antioxidant capacity.>® To the contrary, low uric acid levels
have been associated with greater cardiovascular disease
risk®>57 and smoking.!® These latter observations were inter-
preted to reflect even more severe disease and loss of antiox-
idant capacity owing to excess utilization.

Kidney Disease

Fewer studies of populations with kidney disease are avail-
able. In hypertensive patients, uric acid level has been corre-
lated with the development of chronic renal insuffi-
ciency.5>5* Furthermore, in the general population, uric acid
levels are higher in patients with decreased kidney func-
tion.?":6%:66 Higher uric acid levels also are associated with
microalbuminuria.*>7 These clinical observations do not,
however, clarify whether hyperuricemia is a cause or conse-
quence of kidney disease. Indeed, when the glomerular fil-
tration rate decreases, uric acid may be excreted at a lower
rate, thereby increasing serum uric acid levels.®® Uric acid
also may cause damage to both the vascular and tubular
structures in the kidney, as extensively reviewed in other
articles in this issue of Seminars in Nephrology. In some cases,
toxicity from cadmium or lead, which causes direct tubular
damage, increases serum uric acid level because of impaired
tubular secretion, the syndrome of saturnine gout.%%-"!
Higher uric acid levels appear to be associated with more
rapid progression of kidney disease.5"727 Yet, as for cardio-
vascular disease, the data for kidney disease also are incon-
sistent. For example, in a large clinical study of dietary pro-
tein restriction and blood pressure control, the Modification
of Diet in Renal Disease (MDRD) study, uric acid level was
not found to be an independent predictor for loss of kidney
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Tahle 2 Definitions and Examples of Variables and Analyses Used in Statistical Models

Variables and

Analyses Definitions Examples

Variables

Independent Potential causal factor Uric acid

Dependent Outcome Cardiovascular disease

Manifest Measurement Blood pressure

Latent Construct Hypertension
Analyses

Univariate Descriptive parameters Mean = SD

Bivariate Relationship between 2 variables Correlation

Multiple Regression
of outcome
Path

Multiple variables to define independent determinants

Strategy taking into account interrelationships
between 3 or more variables simultaneously

Linear or logistic multiple regression

Indirect and direct effects, path
coefficients, and interaction terms

function.”™ However, only a single baseline measurement of
uric acid was available, which may have decreased the ability
to detect an association between serum uric acid levels and
progression of kidney disease.

A Statistical Approach to
the Controversy—Path Analysis

For a factor to be considered potentially causal in a disease
process, it should independently contribute to the disease
outcomes. In the case of uric acid as a risk factor, the results
have been inconsistent for the important outcomes of hyper-
tension, cardiovascular disease, and kidney disease. The
source of the controversy concerning the influence of uric
acid level on these outcomes largely derives from the manner
in which data were analyzed. When variables were included
in an analysis without consideration of their role in the sta-
tistical model, misinterpretation of the results could have
occurred. An example is the practice of including hyperten-
sion as an independent variable, together with levels of uric
acid, in a multivariate regression model for predicting cardio-
vascular disease. Hypertension may predict significant vari-
ance in cardiovascular disease, but this variance may be the
same variance that uric acid predicts. Including hypertension
in the multiple regression equation as an independent vari-
able may lead to a better regression equation in terms of the
percent of predicted variance (a mathematic criterion for in-
clusion), but it has not helped in defining the role of uric acid
in the pathogenesis of cardiovascular disease (the substantive
question). Uric acid may exert its influence on cardiovascular
disease indirectly through hypertension, or uric acid may
have a direct influence on cardiovascular disease. These are 2
very different models, and they are not mutually exclusive.
Each pathway, denoting both direct and indirect influence,
has important implications.

Here we focus on concepts regarding roles of variables and
types of analyses used in statistical models (Table 2). Two
different categories of variables are examined: (1) manifest
variables, which are defined as measured, data derived, and
operationally defined sets of scores; and (2) latent variables,
which describe a concept or theory and are termed constructs.

Alatent variable, or construct, may be specified to be a source
of influence for several measurement variables. Measured
variables may be considered manifestations of such latent
variables. Thus, systolic and diastolic blood pressures are
measurement variables for the construct hypertension. Fur-
ther, hypertension is a latent variable that may be theoreti-
cally useful in describing an impact on other constructs, such
as heart disease or kidney disease. Roles of variables, and the
relationships between them, can be presented by way of path
diagrams (Fig 1). Path diagrams indicate the functional asso-
ciations between variables that relate potential causes to ef-
fects. Such diagrams are useful descriptive tools and can be
translated into statistical models. Creation of path diagrams,
and performing the corresponding analyses, is known as path
analysis. In path analysis, the relationships between several
variables can be examined simultaneously and their influ-
ence on multiple outcomes can be assessed.”®78 For example,
by using this approach, the relative contributions of uric acid
and hypertension on cardiovascular disease can be assessed
simultaneously with the influence of uric acid on hyperten-
sion. Such considerations reinforce the importance of speci-
fication of relations between variables—whether a variable
has a direct or indirect influence on another variable or con-
struct. The specified hypotheses and the model of associa-
tions between variables must be clear to optimize study de-
sign and analysis.

As for other statistical methods, in path analysis the number
of patients is a strong determinant of the power to detect asso-
ciations and adds to the confidence in estimated magnitudes of
the relationships between variables. Studies with large numbers
of patients provide a framework for interpreting the smaller and
less-extensive studies in the field. Estimates of associations be-
tween variables have a certain amount of variance associated
with them, and the expected variability is higher in studies with
fewer patients. Further, the variability in these estimates can
affect the results of statistical analyses and the subsequent inter-
pretation of those results. For example, in conventional stepwise
multiple regression procedures, uric acid may be eliminated in
one study but not in another study. It could be the variability of
the estimates of association between uric acid and the outcome
measurement that is the cause of the differing results, rather than
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Non-maodifiable Risk Factors
Age, Sex, Race

Uric Acid

Smoking, Alcohol Intake

Dysfunction

Hypertension

High Diastolic and/or I Death

Systolic Blood Pressure

RN

Metabolic Syndrome
Insulin, Glucose, HDL Cholesterol,
Triglycerides, Obesity, Endothelial

Cardiovascular Disease
Coronary Artery Disease, Congestive
Heart Failure

Major Clinical
Events or

dney Disease
Low GFR, Microalbuminuria,
High Serum Creatinine

Figure 1 Path diagram for relations between uric acid, hypertension, cardiovascular disease, and kidney disease.

how the variables are associated with one another in reality.
Consideration of the population studied is also of statistical im-
portance. Variance may be restricted by inclusion or exclusion
criteria and, in turn, restrict the apparent magnitude of the as-
sociation between variables. In other words, the interpretation
of significant and nonsignificant relations between the indepen-
dent and dependent variables may change, depending on the
types of patients in the sample.

The use of path analysis, including the path diagram, al-
lows the incorporation of a myriad of complex relationships
between uric acid, hypertension, cardiovascular disease, and
kidney disease (Fig 1). Specification of this model was guided
by the clinical evidence reviewed and by a number of excel-
lent review articles in the area.?>37:39-40.79.80 Each construct in
the path diagram (hypertension, cardiovascular disease, and
kidney disease) is defined by several measured variables that
are considered manifestations of the constructs. For example,
hypertension is represented by diastolic and systolic blood
pressure. Kidney disease is manifest by impaired glomerular
filtration rate, a high serum creatinine level, and/or a high
urinary albumin-to-creatinine ratio. Cardiovascular disease
is manifest by evidence for coronary artery disease or conges-
tive heart failure (which may, in turn, be defined by positive
angiographic findings, occurrence of angina, structural ab-
normalities of the heart, and/or evidence of a myocardial
infarction). Uric acid level is shown to influence hyperten-
sion, which, in turn, influences cardiovascular disease and
kidney disease. Uric acid level is affected by nonmodifiable
risk factors such as age, sex, and race; by lifestyle variables,
most notably smoking and alcohol intake; and by develop-
ment of the metabolic syndrome. All of these risk factors,
both the modifiable and nonmodifiable, also affect hyperten-
sion, cardiovascular disease, and kidney disease.

To complicate matters further, uric acid is influenced by
the development of cardiovascular disease and kidney dis-
ease. Although uric acid may promote hypertension, cardio-
vascular disease, and kidney disease directly, reciprocally,
cardiovascular disease (congestive heart failure, in particu-
lar*), and kidney disease (decreased glomerular filtration
rate) act to increase uric acid levels further. The extent to
which such feedback loops operate indirectly through other
variables currently is unclear and requires further investiga-
tion. Cardiovascular disease and kidney disease are interre-
lated closely: either condition makes the other worse. Once
kidney disease and cardiovascular disease are present, they
often lead to major clinical events (eg, death, myocardial
infarction, renal failure). These events are the culmination of
multiple positive feedback cycles that increase uric acid level,
from a variety of risk factors to target organ diseases. The
statistical models required to define these relationships are
complex and, if not specified correctly, can generate conflict-
ing conclusions.

Perspectives

The clinical data on uric acid, hypertension, cardiovascular
disease, and kidney disease are exceedingly complex. These
complexities include both indirect and direct relations, feed-
back loops, bidirectional influences, and multiple manifest
variables and constructs. Limitations of previous analyses
include inadequate statistical methods using only bivariate
correlations, or poorly specified multiple regression or Cox
survival models. Controversy seemingly stems from trying to
fit the substantive problem into a conventional statistical
analysis, rather than designing an analysis that fits the sub-
stantive problem. As an example, in general, the multiple
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regression analysis approach is used to examine only direct
effects of a manifest variable on an outcome, and does not
take into account potential indirect effects or interactions
among variables. Such indirect effects and interactions be-
tween variables provide important insights and frequently
are ignored. The result can be gross model misspecification,
with resulting bias in the model parameters. Path-analytic
techniques, including latent variable or construct modeling,
have been shown to be useful in other disciplines and should
be applied to the statistics of studies in this field as well.

Conclusions

To confirm a causal role for uric acid level in hypertension,
cardiovascular disease, and kidney disease will require lon-
gitudinal controlled studies of decreasing uric acid level in
patients at risk. Given the available data from clinical studies
and the experimental models reviewed in this issue of Semi-
nars in Nephrology, the therapeutic rationale for decreasing
uric acid level is strong. In the meantime, further prospective,
population-based studies of uric acid level in relation to hy-
pertension, cardiovascular disease, and kidney disease using
a robust path-analytic approach should be applied to define
these conditions further, their relationships, and opportuni-
ties for intervention.
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