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tients with different comorbidities.

Methods: Medline Complete, PubMed, ProQuest, ClinicalKey, Wiley Online Library,
and Cochrane Central Register of Controlled Trials were searched till July 29, 2017.
Meta-analysis was planned for randomized controlled trials (RCTs) that investigated
allopurinol effects on endothelial function. A random effect model was used to cal-
culate the standardized mean difference (with 95% confidence intervals: Cl) as an
estimate of effect size. Heterogeneity was quantified by four types of information: Q
statistics, I statistic, Tau-squared (T?), and Tau (T).

Results: Thirty eligible studies were identified; 12 were included in the final analysis
and subdivided among 3 patient’s groups: patients with chronic heart failure (CHF;
197 patients), patients with chronic kidney disease (CKD; 183 patients), and patients
with type 2 diabetes mellitus (DM; 170 patients). Allopurinol was found to have a
statistically significant benefit on endothelial function in patients with CHF and CKD
but not in type 2 DM. The standardized mean differences and Cl in the three pa-
tient’s groups were 0.776 (0.429, 1.122), 0.350 (0.009, 0.690), and 1.331 (-0.781,
3.444), respectively.

Conclusion: Allopurinol has an antioxidant property that might partially reverse en-
dothelial dysfunction in patients with certain comorbidities. The importance of this
property and the magnitude of the beneficial effect are likely to be related to the
relative contribution of xanthine oxidase into the oxidative stress associated with

different underlying pathologies.
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1 | INTRODUCTION

Vascular oxidative stress is a state of imbalance between reactive
oxygen species (ROS) and antioxidant enzymes of which the most
important are superoxide dismutase (SOD), glutathione peroxi-
dase, glutathione reductase, and catalase. A key source of ROS
in the intravascular compartment is the xanthine oxidoreductase
(XOR) system (the enzyme system better known for its involve-
ment in uric acid production). This system exists in two forms,
xanthine dehydrogenase (XDH) and xanthine oxidase (XO). The
XDH form has NAD" as the preferred redox partner and it is the
predominant form in well-oxygenated tissues, whereas XO, which
is upregulated in hypoxic conditions,* uses oxygen as an electron
acceptor and produces ROS, mainly superoxide anion (O7,) and hy-
drogen peroxide (HZOZ),L2 which can damage all components of
the cell (lipids, proteins, and DNA). Circulating XO has the ability to
bind to the endothelial surface, where its ROS-producing moiety
can contribute to endothelial injury and endothelial dysfunction.®
Accordingly, XO inhibition has emerged as a novel therapeutic tar-
get among patients with cardiovascular (CV) risk factors, not only
because XO has oxidative injury potential but also because serum
uric acid concentrations per se have been found to correlate neg-
atively with measures of endothelial function (eg, flow-mediated
dilatation—FMD). Such findings have been demonstrated in solely
hyperuricemic individuals without any CV disease* and in healthy
individuals with uric acid concentrations within the physiologic
range.5 Endothelial dysfunction, once it develops, is an important
step in the progression of atherosclerosis,®” and it has an import-
ant prognostic value for cardiovascular (CV) events in different
populations.81° For these reasons, research is ongoing to find a
therapeutic strategy which targets both these two phenomena—
oxidative stress and endothelial dysfunction.

Allopurinol is a XO inhibitor whose effects on oxidative stress
and endothelial dysfunction have been investigated in many clini-
cal trials. The studies that have assessed the allopurinol effect on
endothelial function have typically used two techniques: venous oc-
clusion plethysmography (VOP) and flow-mediated dilatation (FMD).
VOP is the “gold standard” technique for investigating endothelial
function via the infusion of different vasoactive substances locally
into the brachial artery and the measurement of changes in forearm
blood flow (FBF).1! While FMD is considered to be less invasive, it in-
volves ultrasonic assessment of changes in brachial artery diameter
in response to reactive hyperemia.12

In the published literature, there are a number of clinical trials
that have evaluated the allopurinol effect on endothelial function
(via these two techniques) with promising results in different pa-
tient populations. This review and meta-analysis will summarize the
results of these studies in different patient populations. However,
because there is a wide range of XOR activity (more than 3-fold vari-
ation in enzymatic activity among different individuals'®) and also
because the contribution of XO to oxidative stress may differ ac-
cording to different patient comorbidities, the ability of allopurinol
to produce beneficial effects on endothelial function might differ

according to the baseline activity of XO and/or according to the un-

derlying pathology in any given patient population.

2 | METHODS

This review has been performed according to the PRISMA state-
ment (preferred reporting items for systematic reviews and meta-
analysis)14 and has been registered on the PROSPERO register with
registration number CRD42016046468 on August 24, 2016.

2.1 | Search strategy

Medline Complete, PubMed, ProQuest Health & Medical Complete,
ClinicalKey, Wiley Online Library Journals and Cochrane Central
Register of Controlled Trials were searched using the search items
in titles and abstracts, in combination with MESH terms: (allopurinol
AND endothelial dysfunction OR endothelial function). The litera-
ture was searched till July 29, 2017. The articles included in the final

analysis have been displayed in Figure 1.

2.2 | Study selection

Original studies that met the following predetermined inclusion cri-

teria were included in the study:

1. Published as full-text article

2. Reported with either parallel or crossover design

3. Recruited human subjects randomized to allopurinol therapy or to
control group (no treatment/or placebo)

4. Allopurinol administration for a minimum of 7 days

5. Assessed endothelial function as primary or secondary endpoints
via VOP or FMD

6. Data reported as mean + SD/SEM for each group after treatment
or reported as % change from baseline.

Eligible studies were subdivided into different patient groups, such
as chronic heart failure, chronic kidney disease, type 2 diabetes, hyper-
uricemia, and coronary artery disease. However, the final analysis re-
quires a minimum of 3 studies per patient group.15 Nonhuman studies,
review articles, duplicate publications and studies that involved acute
administration of allopurinol for a period less than specified or involved

acute administration of IV oxypurinol were excluded.

2.3 | Data extraction and quality assessment

The following data including first author name, year of publica-
tion, study design, participant’s disease status, number of partici-
pants in the allopurinol group and control group, age, sex, and uric
acid level in the study participants were extracted from eligible
full-text articles. Intervention strategies and outcomes included
dose and duration of allopurinol therapy, forearm blood flow
data (expressed as mL/min/100 mL), and percentage change in
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(n =1477)

Records identified through the specified databases

Medline (308), Pubmed (748), Pro-Quest (15), Clinical key (187),
Wiley online library (160), Cochrane central register of controlled trials (59)

[ Screening ]

Records excluded (n = 1447)
* Duplication among different

Records screened from title/ abstract
(n=1477)

databases
®*  Published as abstract only
. Studies on animal models

i Outcome measures other than
specified

Full text articles were assessed for eligibility and
classified per patient population
(n=30)

Studies excluded (15 studies)

[ Subdivided ]

® 4 studies on patients with
hyperuricemia, 3 cannot be included
(1 was un-controlled, 2 were non-

. 7 studies on chronic heart failure-CHF patients
(6 included, 1 excluded (data duplication)

. 4 studies on chronic kidney disease-CKD
patients (3 included, 1 excluded due to lack of
randomization)

1 excluded due to different methodology)
(n=15)

o 4 studies on type 2 diabetes patients (3 included,

randomized)
e 3 studies on coronary artery disease

patients (one involved acute IV
administration of oxypurinol)

2 studies on patients with
hypercholesterolemia (one involved
acute IV administration of
oxypurinol)

® 6 Single study in the following
patient’s population; peripheral

[ Included ]

* 6 studies on CHF patients

¢ 3 studies on CKD patients

e 3 studies on type 2 DM patients
(n=12)

arterial disease, sleep apnoea,
metabolic syndrome, smokers, obese,
and aging population.

L e e e e e e e = -

FIGURE 1 Flow diagram of the study selection procedure to assess the effect of allopurinol on endothelial function

diameter of brachial artery from baseline in response to reactive
hyperemia. The seven domains of the Cochrane risk of bias tool
were used to evaluate the quality of the included studies (Table 1).

2.4 | Quantitative data analysis

Meta-analysis was conducted using Comprehensive Meta-
Analysis (CMA) V3 software (Biostat, Englewood, New Jersey,
USA). Standardized mean difference (Hedges’s g) was used as an
estimate of effect size rather than the raw mean difference. It is

because theincluded studies have reported more than one scale/

testtoassesstheoutcome ofendothelialfunction.léAccordineg,
the software divides the mean difference in each study by that
study’s standard deviation to create the standardized mean dif-
ference that would be comparable across studies. Where some

studies used SEM, SD was estimated using the following formula;

SD=SEM x sqrt(n)

where, n is the number of participants.
Subgroup analyses were carried out to check whether allopurinol
had a tendency for different effect size based on baseline uric acid (if

above or below 7 mg/dL) or the dose of allopurinol given.
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TABLE 1 Assessment of risk of bias in the 12 included studies assessing the effect of allopurinol on endothelial function using Cochrane criteria

Incomplete

Blinding of outcome
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and personnel
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Random sequence
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19
20

Farquharson et al 2002
Doehner et al 2002
George et al 2006

21
22
23
24
26
25

Tousoulis et al 2011
Greig et al 2011
Xiao et al 2016

Kao et al 2011

Bayram et al 2015
Jalal et al 2016

27
28
29

Butler et al 2000
Dogan et al 2011

30

Szwejkowski et al 2013

H, high risk of bias; L, low risk of bias; U, unclear risk of bias.

2.5 | Heterogeneity of the effect size

The observed effect size varies from one study to another,
but a certain amount of variation is expected due to sampling
error. The Q-statistic provides a test of the null hypothesis
that all studies included in the analysis share a common ef-
fect size. In such a case, it is expected that the value of Q
would be equal to the degrees of freedom df (the number of
studies minus 1). I? statistic tells us what proportion of the ob-
served variance reflects differences in true effect sizes, rather
than sampling error. Tau-squared (T?) is the estimate of the
variance in true effect sizes (in log units). Tau (T) is the esti-
mate of standard deviation of true effect sizes (in log units).
All statistics are displayed in the footer section of forest

plots.

2.6 | Publication bias

One concern of publication bias is that some nonsignificant
studies are missing from the analysis, and these studies if in-
cluded, would nullify the observed effect. For that reason, clas-
sic fail-safe N was calculated by CMA software. This statistic
measure can be defined as the number of new, unpublished/
retrieved studies with nonsignificant results that would be re-
quired to make the results of this meta-analysis nonsignificant
or that would bring P-value > alpha (.05).1”*8 Funnel plot was not
carried out because of the small number of included studies in

the analysis.

3 | RESULTS

3.1 | Search results

A total of 1477 records were identified through the database
searched, and 1447 records were excluded based on title/ab-
stract screening. The remaining 30 full-text articles were as-
sessed for eligibility. However, 15 studies were excluded as 4 of
those studies were conducted on patients with hyperuricemia,
but 3 did not meet the inclusion criteria; 3 more studies were
conducted on patients with coronary artery disease; however,
one of them involved the acute administration of oxypurinol;
two studies were conducted on patients with hypercholester-
olemia, and the remaining 6 studies were conducted on a dif-
ferent patient’s populations each (Figure 1). The remaining 15
studies were conducted on three patient populations: CHF,
CKD, and type 2 DM. Moreover, 3 were excluded as one study
(CHF) was a duplicate publication, one study (CKD) was non-
randomized, and the third study (type 2 DM) used a different
methodology than specified. Thus, the final analysis included a
total of 12 prospective studies that met the inclusion criteria,
divided among 3 patient populations: CHF (6), CKD (3), and type
2 DM (3).
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3.2 | Study characteristics

3.2.1 | Chronic heart failure

There are six RCTs'??* which assessed the allopurinol effect on en-
dothelial function in CHF functional class IlI-lll patients. They were
placebo-controlled except one study where the control group did
not receive placebo.?* They included a total of 197 patients with a
mean age of 55-69 years. Patients were predominantly males (74%-
100%), and serum uric acid varied from 5.4 to 9.4 mg/dL. Allopurinol
was administered to all with a daily dose of 300 mg for a period of
1 week to 3 months and all studies, with one exception?®* reported
a significant drop in serum uric acid with allopurinol treatment that
varied from -31% to -61%. No severe adverse events were reported.

3.2.2 | Chronic kidney disease

There are 3 RCTs?>%7 that assessed the allopurinol effect on en-
dothelial function in CKD stage II-IV patients. Two were placebo-
controlled.?®?” They included a total of 183 patients with a mean
age range 55-74 years. Male gender constituted 47%-87% of partici-
pants, and serum uric acid varied from 7.1 to 8.7 mg/dL. Allopurinol
was administered to all with a daily dose of 300 mg for a period that
varied from 3 months to 9 months. All studies reported a significant
drop in serum uric acid with allopurinol therapy that varied from

-19% to -41%. No severe adverse events were reported.

3.2.3 | Diabetes mellitus (type 2)

Another 3 RCTs assessed the effect of allopurinol on endothe-
lial function in patients with type 2 DM.?830 All were placebo-
controlled and included a total of 170 patients with a mean age range
50-65 year. Male gender constituted 51%-91% of participants, and
serum uric acid varied from 4.8 to 9.2 mg/dL in two studies. One
study did not report baseline serum uric acid or its drop in response
to allopurinol therapy.?® The administered allopurinol dose varied
from 300 mg to 900 mg for periods of around 1 to 9 months. The
reported significant drop in serum uric acid was -45% in one study

and -54% in the other. No severe adverse events were reported.

3.3 | Outcome results

3.3.1 | CHF patients

Allopurinol improved endothelial function in 197 patients with
mild-moderate CHF. The effect size is the standardized mean dif-
ference (Hedges's g), which was calculated as 0.776. Therefore,
on average, CHF patients treated with allopurinol scored 0.776
a standard deviation higher than patients who received placebo.
The 95% confidence interval of this estimate was (0.429, 1.122).
Such effect size was statistically significant (P < .001; Table 2). Q-
value is 8.746 with df =5 and P =.120, indicating that all studies
in the analysis share a common effect size. I? statistic states that

Therapeutics

42.8% of the observed variance reflects differences in true effect
size rather than sampling error. Tau-squared (T?) is the estimate of
the variance in true effect sizes, which came to be 0.078. Tau (T) is
the standard deviation of true effects that came to be 0.280. The
relationship between allopurinol effect and baseline uric acid was
not significant (P = .063). Publication bias assessment showed that
classic fail-safe N was 48.

3.3.2 | CKD patients

Allopurinol improved endothelial function in 183 patients with
CKD stage II-IV. The effect size is the standardized mean difference
(Hedges's g), which came to be 0.350. The 95% confidence interval of
this estimate was (0.009, 0.690). Such effect size was statistically sig-
nificant (P =.044; Table 3). Q-value is 2.750 with df=2 and P=.253,
indicating that all studies in the analysis share a common effect size.
12 statistic tells us that 27.3% of the observed variance reflects differ-
ences in true effect size rather than sampling error. Tau-squared (™
came to be 0.025, and Tau (T) came to be 0.157. The relationship be-
tween allopurinol effect and baseline uric acid was not tested as base-

line uric acid in the three studies was above 7 mg/dL.

3.3.3 | DM patients

Allopurinol had no significant effect on endothelial function in 170 pa-
tients with type 2 DM. The effect size was the standardized mean dif-
ference (Hedges’s g) came out to be 1.331. The 95% confidence interval
of this estimate was (-0.781, 3.444; P = .217) (Table 4). Q-value is 67.9
with df = 2 and P < .001, indicating that effect size varies across studies.
12 statistic states that 97% of the observed variance reflects differences
in true effect size rather than sampling error. Tau-squared (T%) came
to be 3.374, and Tau (T) came to be 1.837 (Table 4). The relationship
between allopurinol effect and baseline uric acid was not tested as
one of the studies did not report baseline or change in UA concentra-
tion.?® The three studies included in this meta-analysis used different
doses of allopurinol (300,28 600,%° and 900 mg daily??). However, the
relationship between allopurinol effect and the dose administered was
significant in favor of 900 mg dose as compared to 300 mg dose, with
effect sizes of 3.308 vs 0.590, respectively (P < .001). The effect size
for 900 mg dose as compared to 600 mg dose was 3.308 vs 0.088, re-
spectively (P < .001).

4 | DISCUSSION

A number of studies in the published literature have assessed the ef-
fects of allopurinol on different parameters related to cardiovascular
health in different patient populations. Few cohort studies have as-
sessed its effect on cardiovascular events and mortality, and the
results were inconsistent.3%3%%% On the other hand, its effect on en-
dothelial dysfunction features prominently in some other studies and
a few meta-analyses have been published to summarize these effects
in a small number of RCTs that included patients labeled as at risk of
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cardiovascular disease.>*3¢ All showed a statistically significant ben-
efit of allopurinol therapy with mean increases in brachial artery flow-
mediated vasodilatation by respectively 2.50% (95% Cl 0.15-4.84),%4
2.75% (95% Cl 2.49-3.01),%° and 1.67% (95% Cl 0.83-2.50).%¢ Two of
these analyses also reported the effects on forearm blood flow in re-
sponse to acetylcholine via VOP, with increases of respectively 68.80
(95% CI 18.70-118.90)** and 2.62 (95% Cl 2.32-2.91).%° These meta-
analyses included patients with different comorbidities and reached
the conclusion that allopurinol has the potential to enhance endothelial
function in general without specifying a specific patient population.

The primary purpose of this further meta-analysis was to look more
closely at the effect of allopurinol on endothelial function in different
patient’s populations, as the contribution of xanthine oxidase activity to
oxidative stress might differ from one patient population to another. The
largest available number of well-conducted studies was in patients with
CHF. The six studies included patients with the same severity (functional
class II-11l; mild-moderate) and showed a statistically significant benefit
of short-term allopurinol therapy with the dose of 300 mg daily. This

Allopurinol and endothelial function in chronic heart failure

benefit was independent of the baseline uric acid level. Tests assessing
heterogeneity of the effect size showed that all studies in the analysis
shared a common effect size. The consistent benefit of allopurinol ther-
apy in each individual study and in this meta-analysis is in agreement
with other observations in patients with CHF: for example, an increase
in xanthine oxidase enzyme activity is reported in patients with CHF®’
and alterations in other markers of oxidative stress such as decreased
superoxide dismutase activity,”’ elevated serum malondialdehyde
(MDA),38 elevated serum Oxidised—LDL,39 andelevated F2 isoprostane.40

For patients with CKD stage II-1V, the results showed a statis-
tically significant improvement although of a lesser magnitude to
that obtained in patients with CHF, despite using the same dose of
allopurinol (300 mg daily). Endothelial dysfunction and oxidative
stress in patients with CKD are well documented*! and have been
linked to reduce nitric oxide bioavailability,42 due to reduced endo-
thelial and renal production,*® as well as increased NOS inhibitors,
particularly including asymmetric dimethylarginine (ADMA).#344

Some studies have demonstrated rises in F2-isoprostanes*>%¢

TABLE 2 Forest plot for allopurinol

Study name Statistics for each study

Hedges's g and 95% CI

effect on endothelial function in chronic
heart failure patients

Hedges's Lower Upper
g limit limit P-Value
0.505 -0.313 1.323 .226

0.314 -0.410 1.038 .395

Farquharson et al 2002
Doehner et al 2002

George et al 2006 1.183 0.641 1.726 .000
Tousoulis et al 2011 0.653 0.020 1.287 .043
Greig et al 2011 0.536 0.076  0.995 .022
Xiao et al 2016 1.540 0.729 2.351 .000

0.776  0.429 1.122 .000

TRL

——
<*

-2.50 -1.25 0.00 125 2.50

Favors Placebo Favors Allopurinol

Q=8.746,df = 5,P =120, I* = 42.829%, T* = 0.078, T = 0.280.

Allopurinol and endothelial function in chronic kidney disease

TABLE 3 Forest plot for allopurinol

Hedges's g and 95% CI

effect on endothelial function in patients
with chronic kidney disease

Study name Statistics for each study
Hedges's Lower Upper
g limit limit P-Value
Bayram et al 2015 0.211 -0.290 0.712 408
Kao et al 2011 0.735 0.186 1.284 .009
Jalal et al 2016 0.172 -0.293 0.636 468
0.350 0.009 0.690 .044

by

-2.00 -1.00 0.00 1.00 2.00

Favors Placebo

Favors Allopurinol

Q=2.750,df =2, P=.253, 1% = 27.265%, T? = 0.025, T = 0.157.
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Allopurinol and endothelial function in type 2 diabetes mellitus

with type 2 diabetes mellitus
Study name

Butler et al 2000
Dogan et al 2011
Szwejkowski et al 2013

Statistics for each study Hedges's g and 95% CI

Hedges's Lower Upper
g limit limit P-Value
0.590 -0.232 1.413 .160
3.308 2.707 3.910 .000 -.-
0.088 -0.416 0.592 .732
1.331 -0.781 3.444 217

-4.00 -2.00 0.00 2.00 4.00

Favors Placebo Favors Allopurinol

Q = 67.903,df = 2, P =.000, I? = 97.055%, T? = 3.374, T = 1.837.

while others have demonstrated a reduction in superoxide dis-
mutase and glutathione peroxidase and a rise in plasma MDA and
ADMA level.** The contribution of xanthine oxidase into oxidative
stress and endothelial dysfunction in CKD patients has mostly
been investigated via the hyperuricemia that is commonly associ-
ated with CKD.*” However, uric acid which is a marker of upregu-
lated XO activity has been identified as an independent predictor
of endothelial dysfunction in patients with CKD,*® suggesting that
lowering serum uric acid might be of therapeutic benefits. Direct
measurement of XO activity has been shown in one study to be
significantly higher in dialysis patients compared with uremic con-
trol patients and normal control subjects, despite the fact that in-
vestigators did not exclude patients on allopurinol therapy from
the study.49 Such a finding suggests that XO enzyme activity is
upregulated in patients with CKD, despite concomitant allopurinol
therapy in some patients.

Another study used a more recent and highly sensitive assay of
xanthine oxidoreductase activity to demonstrate the accelerated
conversion of xanthine dehydrogenase (XDH) to xanthine oxidase
(XO) with renal dysfunction.’® The results of these two studies are
in agreement with the conclusion of this meta-analysis. One study in
the literature demonstrated that xanthine oxidoreductase (XOR) ac-
tivity was lower among patients with renal dysfunction.>! However,
it is worth mentioning that their assay measured both XDH and XO
activity, not XO activity separately.

Finally, in patients with type 2 DM, the meta-analysis failed to
show a benefit of allopurinol therapy on endothelial function. This
result may be explained by the fact that, although the number of
patients included in the meta-analysis is similar to that of the CHF
and CKD groups, the included studies were heterogeneous in terms
of dosage and duration of treatment, with the biggest effect relating
to the 900 mg dose (Table 4). Oxidative stress-induced alterations
in major biomolecules in the cell and the status of plasma antioxi-
dant potential in type 2 DM have been reported to involve increased
lipid peroxidation, increased protein oxidation, reduced glutathione
level, reduced catalase activity, and reduced superoxide dismutase
activity.52’53 The possible active role of xanthine oxidase in oxida-

tive stress in type 2 DM has not received sufficient attention. A few

studies have demonstrated increased XO activity in such patients
and showed a positive correlation with HBA1C levels in the ranges of
respectively 7.1%-9.3% in one study®* and 7.6%-8.8% in the other.>®
The HBA1C range in the 170 patients included in this meta-analysis
was 6.1%-7.25%.2830 These results reflect that patients included
in this meta-analysis had better glycemic control and probably less
upregulated XO. This may, at least in part, explain the finding that
the patients showed no noticeable benefit in response to allopurinol
therapy.

4.1 | Limitations

This meta-analysis was designed to explore the effect of allopuri-
nol therapy on endothelial function on other patients’ populations in
addition to the three groups analyzed. However, it was not feasible
because of lack of adequate randomized clinical trials for other pa-
tients’ populations. The second limitation is that selection of papers,
data extraction, quality assessment, and analysis was conducted by

a single individual.

5 | CONCLUSION

Oxidative stress and endothelial dysfunction are well recognized
as two important phenomena in different patient populations with
increased CV risk, and it is well understood that they are potentially
important sources of morbidity and mortality. Accordingly, there is
a clear mandate for therapeutic agents with antioxidant properties
which might improve/reverse endothelial dysfunction. Allopurinol
is a XO inhibitor with antioxidant properties that have shown prom-
ising benefits and improved endothelial function in patients with
CHF and CKD (but not in type 2 DM in the small number of studies
included). For that reason, further well-designed, randomized con-
trolled clinical trials with allopurinol as an antioxidant therapy are
required in different patient populations to establish an evidence-
based recommendation for clinical practice. If allopurinol antioxi-
dant properties were to be demonstrated on a large scale, the role

of allopurinol as a valuable add-on therapeutic approach for the
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preventative treatment of CV disease would depend on clinical trial

evidence of improved mortality and morbidity in “at risk” patient

populations.
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