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Adults with type 1 diabetes have lower serum uric acid levels
compared with nondiabetic adults. Little is known about the
relationship between serum uric acid and blood pressure in
type 1 diabetes and whether it differs from the positive
relationship found in nondiabetic adults. The authors
assessed the cross-sectional and longitudinal relationships
over 6 years between serum uric acid and blood pressure in
adults with (35�9 years [n=393]) and without (38�9 years
[n=685]) type 1 diabetes in the Coronary Artery Calcification
in Type 1 Diabetes study. In nondiabetic adults, serum uric

acid was associated with systolic blood pressure in multi-
variable models adjusted for cardiovascular risk factors. In
adults with type 1 diabetes, a negative association was
observed between serum uric acid and systolic blood
pressure after multivariable adjustments. A positive associ-
ation was observed between serum uric acid and systolic
blood pressure in nondiabetic adults. In contrast, an inverse
relationship was demonstrated after multivariable adjust-
ments in type 1 diabetes. J Clin Hypertens (Greenwich).
2014;16:283–288. ª2014 Wiley Periodicals, Inc.

Hypertension is an important worldwide public health
challenge and remains a leading cause of morbidity and
mortality.1 The association between hyperuricemia and
hypertension is well recognized in people without
diabetes,2 and elevated serum uric acid (SUA) levels
have been shown to predict the development of high
blood pressure (BP).3,4 SUA may contribute to increased
BP by several mechanisms such as inflammatory and
vascular changes in the renal microvasculature,
increased renin expression, and endothelial dysfunc-
tion.5,6 Furthermore, SUA has been associated with
other cardiovascular risk factors including increased
body mass index (BMI) and insulin resistance.7–9

SUA levels in adult patients with type 1 diabetes tend
to be lower than in the general population but are still
strongly related to development of diabetic kidney
disease and cardiovascular disease.10–13 The reduced
SUA levels in patients with type 1 diabetes may also
change the nature of the relationship between SUA and
BP. Therefore, there is a need to better understand the
association between SUA and BP in adults with and
without type 1 diabetes.

The Coronary Artery Calcification in Type 1 Diabetes
(CACTI) cohort, a longitudinal study of adults with
type 1 diabetes designed to investigate the determinants

of early and accelerated atherosclerosis in type 1
diabetes, provides us with an opportunity to examine
the longitudinal relationship between SUA and BP in
patients with and without type 1 diabetes. We hypoth-
esized that SUA would be positively associated with BP
cross-sectionally and that SUA at baseline would predict
progression of BP longitudinally over 6 years of follow-
up. Moreover, we predicted the relationship between
SUA and BP would be stronger in nondiabetic patients
than in patients with type 1 diabetes.

METHODS
The CACTI study enrolled patients aged 19 to 56 years,
with and without type 1 diabetes, who were asymptom-
atic for cardiovascular disease (CVD) at the baseline visit
in 2000–2002 and were then re-examined 3 and 6 years
later, as previously described.14 Patients with serum
creatinine >2 mg/dL, on therapy for gout and/or taking
antihypertensive treatment were excluded at baseline. Of
1416 patients, 5 were excluded because of current
treatment of gout and 333 (246 with type 1 diabetes)
because of current antihypertensive treatment. The
remaining patients with data available for uric acid
and BP included in this analysis were 393 with type 1
diabetes and 685 nondiabetic controls. The study was
approved by the Colorado Multiple Institutional Review
Board and all participants provided informed consent.

Study participants who completed the baseline
screening visit were asked to fill out a validated15 self-
administered food-frequency questionnaire, from which
we obtained sodium and protein intake (Harvard,
1988); 1306 study participants completed the question-
naire, as previously described in detail.16 We measured
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height and weight, and calculated BMI in kg/m2.
Resting systolic BP (SBP) and fifth-phase diastolic BP
(DBP) were measured 3 times while the patient was
seated, and the second and third measurements were
averaged. Hypertension was defined as BP ≥140/
90 mm Hg at the time of the study visit. Progression
of BP was defined as a >1 step increase in the Seventh
Report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood
Pressure (JNC 7) BP stage17 or going on antihyperten-
sion medication between visits. Antihypertension med-
ication use was determined by a medication inventory as
previously described.14

After an overnight fast, blood was collected, centri-
fuged, and separated. Plasma was stored at 4°C until
assayed. SUA levels were measured on stored baseline
samples via a clinical analyzer utilizing a uricase-based
commercial kit. These samples had been thawed twice
in the past. The results were reported in milligrams per
deciliter. Total plasma cholesterol and triglyceride levels
were measured using standard enzymatic methods,
high-density lipoprotein cholesterol (HDL-C) was sep-
arated using dextran sulfate and low-density lipoprotein
cholesterol (LDL-C) was calculated using the Friede-
wald formula. High performance liquid chromatogra-
phy was used to measure glycated hemoglobin (HbA1c)
(high-performance liquid chromatography VARIANT,
BioRad, Hercules, CA).

Glomerular filtration rate (GFR) (mL/min/1.73 m2)
was determined using the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) serum cystatin
C formula.18 Cystatin C was measured in the University
of Colorado Hospital clinical laboratoy using the
commercially available Dade-Behring assay following
package insert instructions on a BNII or Prospec
instrument as previously described in detail.19 Serum
creatinine was measured according to package insert
instructions using a Roche Mira Plus II analyzer until
2006 and then an Olympus AU400e (r=0.9999 between
methodologies) traceable to the National Institutes of
Standards and Technology Standard Reference Material
in the University of Colorado Clinical Translational
Research (CTRC) laboratory as previously described.19

Two timed overnight urine samples were collected in
duplicate and urine creatinine and albumin were mea-
sured and averaged.

Statistical Analysis
Analyses were performed using SAS software (version
9.3 for Windows; SAS Institute, Cary, NC). Differences
between patients with type 1 diabetes and healthy
control patients were assessed using chi-square for
categorical variables and t test for continuous variables.
Non-normally distributed variables (eg, SUA and serum
creatinine) were log-transformed. Linear regression and
analysis of covariance were employed to fit 3 models
with baseline LnSUA as a continuous predictor and then
quartiles of LnSUA as categorical predictors of SBP and
DBP and BP progression: unadjusted model, model 1

adjusted for age, sex, race; model 2(a) adjusted for
model 1 plus Ln serum creatinine (LnSCR); model 2(b)
adjusted for model 1 plus Ln albumin-creatinine ratio
(LnACR), model 3 adjusted for model 2(a) plus waist
circumference, smoking status; and model 4 adjusted for
model 3 plus HbA1c and sodium intake. Since SUA
concentrations are affected by GFR, we further evalu-
ated the independence of the association of SUA to SBP/
DBP by adjusting for estimated GFR (eGFR) calculated
by CKD-EPI cystatin C in place of LnSCR, as the
agreement between cystatin C and creatinine in eGFR
has been reported to be as low as 62% in patients with
type 1 diabetes.20

To explore the longitudinal association between
baseline SUA and BP progression in CACTI, we
employed ordinal logistic regression. BP status was
defined ordinally as follows per JNC 7: SBP
<120 mm Hg and DBP <80 mm Hg then group=0, if
SBP ≥120 mm Hg or DBP ≥80 mm Hg then group=1, if
SBP ≥130 mm Hg or DBP ≥85 mm Hg then group=2,
and if SBP ≥140 mm Hg or DBP ≥90 mm Hg then
group=3.17 Progression of BP was defined as a >1 step
increase in JNC 7 stage or going on antihypertension
medication between visits. All analyses were stratified
by type 1 diabetes status, as there was an interaction
between SUA and type 1 diabetes, and significance was
based on an a level of 0.05.

RESULTS
Adults with type 1 diabetes had higher HbA1c and
triglyceride levels and lower total cholesterol, LDL-C,
SUA, and DBP levels (Table I) than controls. Adults
with and without type 1 diabetes had mean SBPs and
DBPs within the normal range at baseline (114/77 mm
Hg vs 113/78 mm Hg) and follow-up (116/74 mm Hg
vs 115/78 mm Hg) (Figure). The proportion of adults
with clinical hypertension (BP ≥140/90 mm Hg not
taking antihypertensive medications) was similar among
those with and without type 1 diabetes at baseline
(Table I).

Cross-sectionally, there was a relationship between
SUA and SBP in control patients in all models: model 1
(b�standard error [SE]: 12.1�2.3 per 1.0 mg/dL of
SUA, P<.0001), model 2(a) (b�SE: 12.0�2.4, P<.0001),
model 2(b) (b�SE: 11.7�2.3, P<.0001), model 3 (b�SE:
5.4�2.5, P=.03), and model 4 (b�SE: 5.4�2.6, P=.04)
(Table II). This suggests that in the fully adjusted model,
a natural log increase in SUA (equivalent to approxi-
mately 2.72 mg/dL) was associated with an increase in
SBP by 5.4�2.6 mm Hg. When replacing serum creat-
inine with eGFRCYSTATIN C in the fully adjusted model
the association between SUA and SBP became attenuated
(b�SE: =5.1�2.6, P=.052). To further test the indepen-
dence, we adjusted models with LnSUA, age, sex, race,
and LnACR for the following additional variables or set
of variables, respectively: LDL-C, HDL-C, and trigly-
cerides (P=.0001) and BMI (P=.02), which did not
significantly change the associations between SUA and
SBP. In contrast, additional adjustment for visceral fat
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attenuated the significance of the association between
SUA and SBP (P=.07). The pattern was similar for DBP
with model 1, 2(a), and 2(b), but was no longer
significant when adjusting for waist circumference,

smoking status, sodium intake, and HbA1c (models 3
and 4).

Cross-sectionally, in patients with type 1 diabetes,
there was no relationship between SUA and SBP in
model 1 (b�SE: �4.82�3.44 P=.16) and model 2(a)
(b=�4.45�3.58, P=.21), but, in the additional models,
significant negative associations between SUA and SBP
became evident; model 2(b) (b�SE: �7.8�3.7, P=.04),
model 3 (b�SE: �7.2�3.6, P=.047), and model 4
(b�SE: �8.6�4.0, P=.03) (Table II). Moreover, the
associations remained significant when adjusting for
eGFRCYSTATIN C in place of serum creatinine in the fully
adjusted models (b�SE: �7.9�3.8, P=.04). To further
test independence, we adjusted models with LnSUA,

FIGURE. Change in systolic blood pressure (SBP) in adults with and
without type 1 diabetes over time.

TABLE II. Regression of SBP and DBP on LnSUA in
Adults With and Without Type 1 Diabetes

Regression Models

SBP DBP

ba�SE

P

Value ba�SE

P

Value

Controls

Model 1: age, sex,

race, LnSUA

12.08�2.32 <.0001 7.45�1.58 <.0001

Model 2(a): model

1+Ln serum

creatinine

11.96�2.35 <.0001 7.16�1.60 <.0001

Model 2(b): model

1+LnACR

11.70�2.33 <.0001 7.41�1.61 <.0001

Model 3: model

2(a)+waist

circumference and

current smoking

status

5.35�2.50 .03 2.18�1.69 .19

Model 4: model

3+HbA1c and

sodium intake

5.42�2.60 .04 2.18�1.74 .21

Type 1 diabetes

Model 1: age, sex,

race, LnSUA

�4.82�3.44 .16 2.60�2.34 .27

Model 2(a): model

1+Ln serum

creatinine

�4.45�3.58 .21 3.24�2.44 .18

Model 2(b): model

1+LnACR

�7.75�3.72 .04 0.66�2.55 .79

Model 3: model

2(a)+waist

circumference

and current smoking

status

�7.22�3.62 .05 1.40�2.46 .57

Model 4: model

3+HbA1c and sodium

intake

�8.64�4.05 .03 2.27�2.77 .42

Abbreviations: ACR, albumin-creatinine ratio; HbA1c, glycated hemo-

globin; SE, standard error; SUA, serum uric acid.
ab-coefficient represents the difference in systolic blood pressure

(SBP) or diastolic blood pressure (DBP) for every 1-unit difference in

the independent variable.

TABLE I. Patient Characteristics

Type 1

Diabetes

(n=393)

Controls

(n=685)

P

Value

Age, y 35�9 38�9.0 <.0001

Female sex, No. (%) 223 (56.7%) 342 (49.9%) .03

Diabetes duration, y 22�9 – –

HbA1c, % 7.9�1.2 5.5�0.4 <.0001

Waist circumference, cm 83�12 85�14 .10

Cholesterol, mg/dL 175�35 190�38 <.0001

LDL, mg/dL 100�30 115�33 <.0001

HDL, mg/dL 57�17 51�15 <.0001

Triglycerides, mg/dL 90�59 125�92 <.0001

SUA at baseline, mg/dL 4.86�1.00 5.72�1.35 <.0001

SBP at baseline, mm Hg 114�12 113�12 .30

DBP at baseline, mm Hg 77�8 78�8 .01

SBP at follow-up, mm Hg 116�14 115�12 .14

DBP at follow-up, mm Hg 74�9 78�9 .0001

eGFR cystatin C, mL/min/

1.73 m2/y

112.7�13.9 109.4�12.1 .0002

Sodium intake 1975�970 1847�795 .03

Log-ACR 1.90�1.1 1.44�0.59 <.0001

LnSCR 0.12�0.14 0.16�0.14 <.0001

Hypertension, No. (%)a 35 (8.91) 59 (8.61) .87

Hypertension at 6 years,

No. (%)b
119 (34.9) 105 (18.6) .0001

Abbreviations: ACR, albumin-creatinine ratio; DBP, diastolic blood

pressure; eGFR, estimated glomerular filtration rate; HbA1c, glycated

hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipo-

protein; LnSCR, serum creatinine; SBP, systolic blood pressure;

SUA, serum uric acid.

aHypertension was defined as untreated hypertension (blood pres-

sure ≥140/90 mm Hg).

bHypertension was defined as untreated hypertension or current

antihypertensive therapy.
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age, sex, race, and LnACR for the following additional
variables or set of variables, respectively: LDL-C, HDL-
C, and triglycerides (P=.03), BMI (P=.004), and visceral
fat (P=.02), which did not significantly change the
associations between SUA and SBP. None of the models
regressed on DBP showed a significant association with
LnSUA in adults with type 1 diabetes.

Progression of BP Stage. Progression in BP or initiation
of antihypertensive medications occurred in 349
(39.5%) of all participants. In controls, the fourth
compared with the first quartile of SUA was associated
with higher odds for progression of BP after adjusting for
age, sex, and race in model 1 (odds ratio [OR], 2.1; 95%
confidence interval [CI], 1.32–3.30; P=.002), Ln serum
creatinine in model 2(a) (OR, 2.0; 95% CI, 1.28–3.20;
P=.003) and LnACR in model 2(b) (OR, 1.9; 95% CI,
1.22–3.08; P=.005), but was not significant after adjust-
ing for waist circumference, smoking status, sodium
intake, and HbA1c in models 3 and 4. The fourth quartile
of SUA was not related to progression of BP in any of the
models in patients with type 1 diabetes (Table III).

DISCUSSION
We demonstrated independent relationships between
SUA and BP at baseline and with progression of BP
stages over 6 years in nondiabetic adults, which is
consistent with existing data.4,21 In contrast, SUA was
not associated with BP in adults with type 1 diabetes in
univariate analysis. However, we reported an unex-
pected inverse association between SUA and SBP in
adults with type 1 diabetes after multivariable adjust-
ments. This unexpected observation suggests that the
relationship between SUA and BP may differ in people

with type 1 diabetes. Levels of SUA in patients with type
1 diabetes are lower than in nondiabetic adults, which
may change the nature of the relationship between SUA
and BP. This is, to our knowledge, the first study
exploring the relationship between SUA and BP in
adults with type 1 diabetes.

There is evidence that supports SUA in the causation of
hypertension in nondiabetic patients, but it is not a recent
discovery and not without controversy. SUA was first
related to primary hypertension in the 19th century.22,23

During the past decade, there has been increasing
evidence suggesting SUA is likely a causal contributor
to hypertension.4,21 More recently, a study of 6036
adolescents (aged 12–17 years) from the National
Health and Nutrition Examination Survey (1999–2006)
found that an SUA level >5.5 mg/dL carries a 2-fold
greater risk for having hypertension.2 Lowering SUA
with either allopurinol or probenacid has been shown to
markedly reduce BP in pilot studies of adolescents with
hypertension or prehypertension,24,25 whereas effects on
adults with primary hypertension are less prominent.26,27

Experimental studies suggest that SUA might play a
role in initiating the development of hypertension
through multiple mechanisms, including induction of
oxidative stress, activation of renin-angiotensin system
(RAS) and inhibition of nitric oxide via oxidants. A
plausible common pathway for the above mechanisms is
the development of renal arteriolar disease with inter-
stitial macrophage and T-cell infiltration,28–30 eventu-
ally leading to renal vasoconstriction and ischemia.31,32

There are also studies that suggest SUA may not play a
role in hypertension.33,34 One of the strongest argu-
ments is based on gene wide association studies
(GWAS), which have been able to link polymorphisms
in urate transporters with hyperuricemia and gout but
not hypertension.35 One proposed explanation for this
discordance is that SUA may not be the critical
determinant of hypertension, but rather intracellular
uric acid may be the key factor, and this may be
dissociated from SUA in the various GWAS studies.36

Interestingly, Kosugi and colleagues37 showed in type 2
diabetic mice with normal to low SUA levels that
allopurinol administration lowered BP, suggesting that
intracellular uric acid rather than extracellular uric acid
(eg, SUA) might be driving the pathogenesis of increased
BP in diabetes.

We do not yet fully understand the paradoxical
relationship between SUA and SBP in type 1 diabetes,
and our observational, longitudinal data should be
considered hypothesis-generating. The reason the asso-
ciation between SUA and SBP is not statistically
significant in univariate analysis and becomes significant
after multivariable adjustments is likely caused by
clustering according to a covariate. Moreover, over
time the fourth quartile of SUA in patients with type 1
diabetes decreased compared with the first, second, and
third quartiles, which may explain why we did not
observe an increased odds of progression of BP stages
over time in our ordinal logistic regression models for

TABLE III. Ordinal Logistic Regression of
Hypertensive Status on the Fourth Quartile of SUA
Compared With the First Quartile in Adults With and
Without Type 1 Diabetes

Logistic Regression Models OR (95% CI)

P

Value

Controls

Model 1: age, sex, race, LnSUA 2.09 (1.32–3.29) .002

Model 2(a): model 1+Ln serum creatinine 2.02 (1.28–3.20) .003

Model 2(b): model 1+LnACR 1.93 (1.22–3.08) .005

Model 3: model 2(a)+waist circumference

and current smoking status

1.23 (0.75–2.02) .42

Model 4: model 3+HbA1c+sodium intake 1.23 (0.75–2.02) .42

Type 1 diabetes

Model 1: age, sex, race, LnSUA 1.13 (0.56–2.29) .73

Model 2(a): model 1+Ln serum creatinine 1.21 (0.59–2.50) .60

Model 2(b): model 1+LnACR 0.72 (0.33–1.57) .41

Model 3: model 2(a)+waist circumference

and current smoking status

0.99 (0.47–2.08) .97

Model 4: model 3+HbA1c+sodium intake 0.99 (0.47–2.08) .97

Abbreviations: ACR, albumin-creatinine ratio; CI, confidence interval;

HbA1c, glycated hemoglobin; OR, odds ratio; SUA, serum uric acid.
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this group. Furthermore, we know from past research in
patients with type 1 diabetes in CACTI that there was
an overall trend of improvement in estimated insulin
sensitivity from baseline to 6-year follow-up, which
could confound the longitudinal association between
SUA and progression of BP stages.38 Under most
conditions, an elevated SUA is in equilibrium with
intracellular levels, and hence elevated SUA reflects a
high intracellular level. However, one confounding
aspect is that SUA levels are known to fall in diabetic
patients, as glycosuria can lead to proximal tubular
dysfunction and uricosuria.39 SUA levels have also been
reported to be higher in those with better diabetes
control.40 For that reason, SUA may actually decrease in
diabetic patients, especially if they are poorly
controlled, despite high intracellular levels. Thus, one
possible mechanism is that patients with poor glycemic
control may have reduced SUA levels, which could alter
the SUA-BP relationship. In our multivariable model,
however, adjusting for HbA1c did not change the
relationship between SUA and BP.

One hypothesis is that a positive relationship between
SUA and BP in type 1 diabetes may only manifest once
eGFR <60 mL/min/1.73 m2 and SUA becomes elevated.
Our study does not have the power to explore this
hypothesis as participants with type 1 diabetes had
lower SUA concentrations and higher eGFR than
nondiabetic controls. Another hypothesis is that SUA
may not be driving the BP progression in type 1
diabetes. One could also speculate that in type 1
diabetes, the pathway by which SUA induces vascular
dysfunction in nondiabetic patients is altered. However,
this is not consistent with recent data that demonstrated
that SUA predicted endothelial dysfunction in type 1
diabetes,11 but in agreement with a study performed by
Waring and colleagues33 that demonstrated improved
endothelial function in type 1 diabetes with uric acid
administration. We clearly need more studies to address
mechanistic differences among patients with and with-
out type 1 diabetes, to dissect the pathways explaining
the paradoxical relationship between SUA and BP in
type 1 diabetes. Exploring this difference might also
provide important mechanistic data on the link between
SUA and BP in nondiabetic patients. The longitudinal
relationship between SUA and SBP in nondiabetic adults
remained significant after adjusting for age, sex, race,
and serum creatinine, but dissipated after adjusting for
waist circumference and smoking status. We have
demonstrated in the same cohort that SUA is associated
with insulin sensitivity both cross-sectionally and longi-
tudinally in nondiabetic adults.9 For that reason, one
could argue that adjusting for waist circumference, a
strong surrogate marker of insulin sensitivity, masks one
possible mechanism whereby SUA can predict BP
progression in nondiabetic adults. In contrast, in adults
with type 1 diabetes, we reported a very weak associ-
ation between SUA and insulin sensitivity cross-section-
ally and no longitudinal relationship.9

STUDY LIMITATIONS
The limitations of our study also deserve comment,
including the observational design. We examined the
association of SUA at baseline with progression of BP.
BP progression was defined as ≥1 step increase in JNC
stage17 or going on antihypertension medication. We
acknowledge that the latter definition presents a limita-
tion of our study, as other indications including renal
protection for microalbuminuria exist for antihyperten-
sive medications in type 1 diabetes. Moreover, having
only 2 (V1–V3) snapshots of medication use over
6 years is another limitation. The participants with type
1 diabetes taking antihypertensive medication (n=246)
at baseline who were excluded from the analysis had
higher BP and lipid panels and this may bias our results
to the null as fewer healthy patients with type 1 diabetes
were not included in the analyses. Although we adjusted
for a variety of important confounding variables of
hypertension, we cannot rule out the presence of
unknown risk factors of uric acid metabolism that
may have biased or confounded the present analyses.
Furthermore, results from this study may not be
generalizable to younger or older patients with type 1
diabetes and especially those with overt diabetic
nephropathy, as our cohort consisted of adults with a
mean age of 35�9 years with mean BP and eGFR
within the normal ranges.

CONCLUSIONS
Our data provide further evidence that SUA may play a
role in driving hypertension in adult nondiabetic
patients, but, more importantly, we display a novel
inverse relationship between SUA and SBP after multi-
variable adjustments in adults with type 1 diabetes.
Further research is required to better understand why
the relationship is different in patients with type 1
diabetes and also explore the evolution of the relation-
ship over time and across different age groups.
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