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Rationale & Objective: Allopurinol and febuxostat,
which are xanthine oxidoreductase inhibitors, have
been widely used as uric acid-lowering medications.
However, evidence regarding their cardiovascular
effects in hemodialysis is insufficient. This study
compared the effects of allopurinol and febuxostat
on mortality and cardiovascular outcomes in
patients receiving hemodialysis.

Study Design: A retrospective observational
cohort study.

Setting & Participants: Data of 6,791 patients
who had no history of topiroxostat usage and un-
derwent maintenance hemodialysis between
March 2016 and March 2019 at Yokohama Daiichi
Hospital, Zenjinkai, and its affiliated dialysis clinics
in Japan’s Kanagawa and Tokyo metropolitan areas
were collected.

Exposure: Allopurinol, febuxostat, and
nontreatment.

Outcomes: All-cause mortality, cardiovascular
disease (CVD) events, heart failure (HF), acute
myocardial infarction (AMI), and stroke.

Analytical Approach: For the main analyses, mar-
ginal structural Cox proportional hazards models
were used to estimate HRs adjusted for time-
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varying confounding and selection bias because
of censoring.

Results: Allopurinol and febuxostat showed
significantly better survival than nontreatment for
all-cause mortality (HR, 0.40; 95% CI, 0.30-0.54
and HR, 0.49; 95% CI, 0.38-0.63, respectively),
without significant difference between allopurinol
and febuxostat. Allopurinol showed significantly
better survival than nontreatment, whereas
febuxostat did not for CVD events (HR, 0.89;
95% CI, 0.84-0.95 and HR, 1.01; 95% CI, 0.96-
1.07, respectively), HF (HR, 0.71; 95% CI, 0.56-
0.90 and HR, 1.03; 95% CI, 0.87-1.21,
respectively), and AMI (HR, 0.48; 95% CI, 0.25-
0.91 and HR, 0.76; 95% CI, 0.49-1.19,
respectively). No comparisons showed significant
results for stroke.

Limitations: The ratio of renal or intestinal excre-
tion of uric acid and uremic toxins could not be
elucidated, and we could not investigate gene
polymorphism because of the large number of
cases.

Conclusions: Allopurinol and febuxostat improved
survival for all-cause mortality. Allopurinol and not
febuxostat reduced the risk of CVD events, HF,
and AMI.
Accumulated evidence has shown that xanthine oxido-
reductase plays an important role in the pathogenesis

of cardiovascular and kidney diseases.1,2

Our previous study, conducted using the aristolochic
acid nephropathy model, suggested that xanthine
oxidoreductase inhibition could ameliorate tissue
oxidative stress and inflammation.3 In the preceding
study, we hypothesized that xanthine oxidoreductase
inhibition might affect the prognosis of patients
receiving hemodialysis, leading to improved outcomes
within 3 years.4 Febuxostat is a strong adenosine
triphosphate-binding cassette transporter G2 (ABCG2)
inhibitor with a 10-fold higher inhibitory effect than
topiroxostat and allopurinol that leads to the accumu-
lation of uremic toxins by decreasing excretion from the
intestine, particularly in patients with chronic kidney
disease (CKD) with a reduced ability to excrete uremic
toxins.5

The importance of gene polymorphism of ABCG2
(Q126X or Q141K) has recently been recognized.6-8
Functional ABCG2 has been associated with accelerated
estimated glomerular filtration rate decline in patients with
asymptomatic hyperuricemia with CKD when compared
with fully functional ABCG2.9 The Food and Drug
Administration (https://www.fda.gov/media/120418/
download) issued a “Boxed Warning for increased risk
of death with febuxostat”10 according to the randomized
clinical trial (RCT) of febuxostat and allopurinol per-
formed in the Cardiovascular Safety of Febuxostat and
Allopurinol in Patients with Gout and Cardiovascular
Morbidities (CARES) trial, which indicated that febuxostat
results in higher cardiovascular (hazard ratio [HR], 1.34)
and all-cause (HR, 1.23) mortality rates.11 Febuxostat is a
strong ABCG2 blocker,5 which implies that it inhibits the
excretion of uremic toxins and uric acid from the kidney
or intestine despite strong xanthine oxidoreductase
inhibition.

In an open-label RCT conducted in the European Union
comparing allopurinol and febuxostat, the febuxostat
group was noninferior to the allopurinol group regarding
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PLAIN LANGUAGE SUMMARY
Uric acid-lowering therapy has been used to prevent
gout attacks and protect organs by reducing inflam-
mation by lowering uric acid levels. However, uric
acid-lowering medications have recently been found to
have a side effect of inhibiting a channel responsible for
excreting toxins, such as adenosine triphosphate-
binding cassette transporter G2; the effects of medica-
tions with a strong inhibitory effect, such as febuxostat,
are currently under investigation. Patients with kidney
failure or dialysis excrete toxins through feces from
their intestines in addition to removing toxins through
dialysis. If uric acid-lowering medications suppress the
channels responsible for intestinal toxin excretion,
could this lead to the development of heart failure or
stroke? This study investigated this question.

Ishii et al
cardiovascular disease (CVD)-related deaths.12 Another
Austrian nationwide study reported that the outcome of
febuxostat was inferior to that of allopurinol (HR, 0.58),13

and this issue remains controversial.
Therefore, this study aimed to compare the effects of

allopurinol and febuxostat on all-cause mortality and car-
diovascular outcomes in patients receiving hemodialysis
using marginal structural Cox proportional hazards models
(MSMs).14-18 To our knowledge, this is the first study to
evaluate the respective effects of allopurinol and febuxostat
compared with those of nontreatment on cardiovascular
outcomes in patients receiving hemodialysis, particularly
in those with deteriorated kidney function and residual
intestine excretion channels.
METHODS

Study Participants

This retrospective cohort study used laboratory and clinical
data of 6,791 patients who had no history of topiroxostat
usage as of March 2016 and underwent hemodialysis at
Yokohama Daiichi Hospital, Zenjinkai, and its affiliated
dialysis clinics located in the Kanagawa and Tokyo
metropolitan areas of Japan. The follow-up was performed
for 3 years, from April 2016 to March 2019, with March
2016 as the baseline.

Exposure

The time-varying treatment variables were allopurinol,
febuxostat, and nontreatment. Allopurinol and febuxostat,
which are xanthine oxidoreductase inhibitors, were
defined based on their prescription status each month, and
nontreatment was defined if neither of the medications
was prescribed for each month. At baseline, 5,156, 775,
and 860 patients received nontreatment, allopurinol, and
febuxostat, respectively (Tables 1 and 2); however, in
some cases, these statuses were switched during the
2

follow-up period through a change in medications,
discontinuation of treatment, or restart of treatment.

Outcomes

Outcomes were all-cause mortality, CVD events, heart
failure (HF), acute myocardial infarction (AMI), and
stroke. Data on all-cause mortality were obtained from
medical records. Furthermore, data on CVD events and HF
were derived from the claims data system, STEPII (SJ
Medical), with International Classification of Diseases (ICD)-10
codes I-00 to I-99 and I-20–23 for AMI, I-50 for HF, and
I-60–69 for stroke.

Covariates

Time-fixed covariates included age, sex, diabetes mellitus,
and comorbidity data. Comorbidity data were extracted
from insurance claims and classified according to ICD-10
codes.19,20 Time-varying covariates included laboratory,
concomitant medication, and vital sign data. Tables 1 and
2 present the time-fixed and time-varying covariates at
baseline. Laboratory and vital sign data were averaged by
month. Figure S1 presents the relationship among cova-
riates, treatments, censoring, and outcomes. All data were
derived from the STEPII dialysis data system.

Statistical Analyses

Descriptive data are presented as mean and standard de-
viation for continuous variables and as numbers and per-
centages (%) for categorical variables.

Excluding patients with missing data have been shown
to reduce efficiency and generally introduce bias.21

Therefore, to handle missing data on covariates
(Table S1), we performed multiple imputation (MI)22

with a fully conditional specification method23 using the
treatment, covariates, and outcomes for each month and
created 10 imputed data sets. To confirm the validity of the
MI, we calculated the fraction of missing information,24

which takes values between 0 and 1. A fraction of
missing information close to 0 suggests that MI is valid
even if the missing percentage is large, provided the in-
formation to describe the missing mechanism is
sufficient.24

We estimated the stabilized inverse probability weights
(IPWs), which were the product of the stabilized inverse
probability of treatment weights (IPTWs) to adjust for
time-varying confounding and stabilized inverse proba-
bility of censoring weights (IPCWs) to adjust for selection
bias due to censoring.17 We fitted 2 pooled polytomous
logistic models with treatment as the response variable to
estimate the denominator and numerator of IPTWs and 2
pooled logistic models with censoring as the response
variable to estimate the denominator and numerator of
IPCWs for each of the 10 datasets separately. Previous
treatment and covariates were the explanatory variables in
the 2 models to estimate the denominator, whereas pre-
vious treatment was the explanatory variable in the 2
Kidney Med Vol 6 | Iss 11 | November 2024 | 100896



Table 1. Baseline Characteristics of Patients Undergoing Dialysis

Demographic Data (Categorical)

Nontreatment
(n = 5,156) Allopurinol (n = 775) Febuxostat (n = 860)

PNo. % No. % No. %

Sex (male) 3,372 65 545 70 640 74 <0.001
DM 2,116 41 242 31 353 41 <0.001
Baseline hyperuricemia 991 19 744 96 802 93 <0.001
Demographic data (Continuous) Mean SD Mean SD Mean SD
Age (y) 68 13 65 12 64 13 <0.001
Dialysis duration (d) 220 216 266 213 133 173 <0.001
Body weight pre (kg) 59.8 13.7 62.9 14.5 65.9 15.9 <0.001
Body weight post (kg) 57.4 13.2 60.3 14.0 63.3 15.3 <0.001
Delta body weight (kg/HD) −0.8 0.5 −0.8 0.4 −0.8 0.4 <0.001
sBP start (mm Hg) 154 22 151 22 152 21 0.01
dBP start (mm Hg) 79 13 80 14 81 13 0.09
HR start (bpm) 74 12 76 12 76 12 <0.001
BMI (kg/m2) 21.9 3.9 22.6 4.2 23.6 4.5 <0.001
Comorbidity data No. % No. % No. %
Infectious diseases 2,463 49 424 55 361 43 <0.001
Viral and fungal infections 2,028 40 298 39 307 36 0.1
Malignant neoplasms 1,444 29 254 33 205 24 <0.001
Anemia 4,764 94 753 98 820 97 <0.001
Endocrine metabolic 4,847 96 760 99 831 98 <0.001
Mental disorders 856 17 120 16 106 13 0.005
Nervous system 2,801 55 421 55 397 47 <0.001
Eye ear adnexa 1,767 35 290 38 248 29 <0.001
Circulatory system 4,813 95 753 98 825 97 <0.001
Respiratory system 4,067 80 699 91 662 78 <0.001
Digestive system 4,559 90 729 95 758 89 <0.001
Skin subcutaneous tissue 3,979 79 640 83 619 73 <0.001
Musculoskeletal connective tissue 3,981 79 660 86 628 74 0.2
Genitourinary 4,859 96 760 99 830 98 <0.001
Note: Descriptive data are presented as mean and standard deviation (SD) for continuous variables and as number (No.) and percentage (%) for categorical variables.
Abbreviations: BMI, body mass index; Body weight pre, before dialysis; Body weight post, post dialysis; Delta body weight, body weight loss during dialysis session; DM, diabetes mellitus; dBP start, diastolic blood pressure just at
dialysis start; HR start, heart rate just at dialysis start; sBP start, systolic blood pressure just at dialysis start.
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Table 2. Baseline Laboratory Data and Concomitant Medications of Patients Undergoing Dialysis

Laboratory Data

Nontreatment
(n = 5,156)

Allopurinol
(n = 775)

Febuxostat
(n = 860)

PMean SD Mean SD Mean SD
Hb (g/dL) 10.8 1 10.8 1 10.9 1 <0.001
BUN pre (mg/dL) 63.9 14.3 67.6 14.1 68.6 14.9 <0.001
BUN post (mg/dL) 19.6 6.4 20.4 6.2 23 7.5 <0.001
Cr pre (g/dL) 10.17 2.67 11.38 2.71 10.67 3.09 <0.001
Cr post (g/dL) 3.84 1.27 4.28 1.34 4.32 1.5 <0.001
K (mmol/L) 4.7 0.7 4.8 0.7 4.7 0.7 0.009
P (mg/dL) 5.3 1.3 5.4 1.3 5.5 1.3 <0.001
UA pre (mg/dL) 7.5 1.3 7 1.3 5.5 1.6 <0.001
UA post (mg/dL) 2.1 0.6 1.9 0.5 1.6 0.7 <0.001
Na pre (mEq/L) 139.2 2.8 139.4 2.9 139.4 2.6 0.04
Na post (mEq/L) 139 1.6 138.9 1.7 138.8 1.7 0.002
Fe (μg/dL) 73.5 28.1 72.4 27.6 74.5 29.3 0.4
Ferritin (ng/mL) 104 133 92 88 107 175 0.01
TP (g/mL) 6.9 0.5 6.9 0.5 6.9 0.5 0.06
Alb (g/mL) 3.6 0.4 3.6 0.3 3.6 0.4 <0.001
Glu (mg/dL) 130.6 46.9 124.4 48.1 130.6 46.3 <0.001
Tcho (mg/dL) 156.8 35.2 159 32.5 158 32.4 0.7
HDL (mg/dL) 50.8 16.5 50.6 17.2 48.5 17.8 0.2
LDL (mg/dL) 82.5 27.6 83.5 25.2 83.1 27.2 0.9
CRP (mg/L) 0.5 1.3 0.4 0.9 0.4 0.9 0.07
iPTH (pg/mL) 248.4 208.5 269.9 222.7 225.6 166.8 0.02
β2MG (mg/dL) 27.1 6.7 31 7.4 27.6 8.1 0.001
Kt/V 1.5 0.5 1.5 0.3 1.3 0.3 <0.001
NPCR (g/kg/day) 0.9 0.2 0.9 0.2 0.9 0.2 <0.001
CGR (%) 95.2 32.7 104.2 23.6 92 30.2 <0.001
Concomitant medication data No. % No. % No. %
AHT α 523 10 78 10 80 9 0.7
AHT αβ 532 10 84 11 90 10 0.9
AHT ACE 184 4 26 3 29 3 0.9
AHT ARB 1,509 29 233 30 280 33 0.1
AHT β 274 5 37 5 49 6 0.7
AHT CaA 2,323 45 340 44 414 48 0.2
AHT renin 15 0 10 1 1 0 <0.001
AHT other 178 3 41 5 26 3 0.02
Calcimimetics 1,399 27 294 38 227 26 <0.001
ESA 3,353 65 483 62 556 65 0.3
Iron iv 1,137 22 163 21 157 18 0.04
Iron oral 69 1 16 2 33 4 <0.001
Phosphate binder 3,592 70 658 85 682 79 <0.001
Phosphate binder iron 600 12 88 11 151 18 <0.001
DM po 1,118 22 130 17 206 24 0.001
Insulin 53 1 5 1 10 1 0.5
Warfarin 291 6 34 4 41 5 0.2
Anticoagulant 53 1 8 1 7 1 0.8
Antiplatelet 2,325 45 352 45 372 43 0.6
Dialysate Ca 3,107 60 508 66 552 64 0.001
Note: Descriptive data are presented as mean and standard deviation (SD) for continuous variables and as number (No.) and percentage (%) for categorical variables.
Abbreviations: α, α blocker; ACE, angiotensin converting enzyme inhibitor; AHT, anti-hypertensive agents; Alb, albumin; ARB, angiotensin receptor blocker; β, β
blocker; β2MG, beta-2 microglobulin; BUN, blood urea nitrogen; CGR; creatinine generation rate; Cr, creatinine; CRP, C- reactive protein; Dialysate Ca, dialysate
calcium concentration >2.75 mEq/L; ESA, erythropoiesis-stimulating agent; Fe, iron; Ferritin; Hb, hemoglobin; HDL, high-density lipoprotein; iPTH, intact parathyroid
hormone; Iron iv, iron intravenous injection; Iron Oral, iron oral intake; LDL, low-density lipoprotein; Na, sodium; NPCR, normalized protein catabolic rate; K, potassium;
Kt/V, urea adequacy measure scales dialysis dose; Other, anti-hypertensive agents; P, phosphate; Renin, renin inhibiter; Tcho, total cholesterol; TP, total protein; UA,
uric acid.
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Figure 1. Adjusted survival curves with stabilized inverse probability weights (IPWs) for all-cause mortality and cardiovascular dis-
ease (CVD) events. (A) all-cause mortality; (B) first CVD events; (C) first heart failure (HF); (D) first AMI; and (E) first stroke.

Ishii et al
models to estimate the numerator. All 4 models included
time-dependent intercepts with natural cubic splines and 4
knots on months 7, 13, 21, and 28, corresponding to the
5th, 35th, 65th, and 95th percentiles, respectively.18,25 To
prevent unstable estimation because of patients with
extreme weights, we truncated IPWs by resetting the value
of weights greater (lower) than the 99th (1st) percentile to
the value of the 99th (1st) percentile26 for each of the 10
Kidney Med Vol 6 | Iss 11 | November 2024 | 100896
data sets separately. The formulas of IPW and pooled
(polytomous) logistic models used for the estimation of
IPW are provided in Item S1.

We created adjusted survival curves with IPWs27 that
were extensions of those in the time-fixed case28 to the
time-dependent case to compare survival among the
allopurinol, febuxostat, and nontreatment. Adjusted
survival curves were drawn using 1 of the 10 datasets
5



Figure 2. Results of marginal structural Cox proportional hazards models (MSMs) for all-cause mortality and cardiovascular disease
(CVD) events. (A) all-cause mortality; (B) CVD events; (C) heart failure (HF); (D) AMI; and (E) stroke. allopurinol; febuxostat; HR,
hazard ratio; LCL, 95% lower confidence limit; UCL, 95% upper confidence limit; AG, the Andersen and Gill model; PWP, the Pren-
tice, Williams, and Peterson total time model; CI, confidence interval.

Ishii et al
for each outcome as follows: all-cause mortality, first
CVD events, first HF, first AMI, and first stroke.

For the main analyses, we used MSMs to estimate the
respective treatment effect of allopurinol and febuxostat
compared with that of nontreatment and the difference
between them for each of the 5 outcomes (all-cause
mortality, CVD events, HF, AMI, and stroke) (Fig S1).
All-cause mortality was analyzed using a Cox propor-
tional hazards model (Cox model) weighted by IPWs.
CVD events, HF, AMI, and stroke, which were recurrent
events, were analyzed using the Andersen and Gill
(AG)29 and the Prentice, Williams, and Peterson (PWP)
total time30 models weighted by IPWs. The AG model
generalizes the Cox model to allow for recurrent events,
whereas the PWP total time model stratifies the AG
model by the event sequence to allow for differences in
baseline hazards between the sequential events.31 For
each of the 9 models, we analyzed 10 data sets sepa-
rately and obtained estimates of HRs and 95% confi-
dence intervals (CIs) by combining 10 results.22 The
formulas for MSMs are provided in Item S1.

We fitted conventional and time-dependent Cox models
for additional analyses to compare with MSMs (Tables S5
and S6). Furthermore, for sensitivity analysis, we per-
formed MSM analyses for 2,537 patients who had a history
of hyperuricemia at baseline.

Two-sided P values of <0.05 were considered indicative
of statistical significance. All analyses were conducted us-
ing SAS version 9.4 (SAS Institute Inc).
6

Statement of Ethics

This study protocol was approved by the ethical committee
of Yokohama City University (approval number:
B200700018) and performed in accordance with the
principles of the Declaration of Helsinki. Owing to the
deidentified nature of patient records, informed consent
was obtained through an opt-out method on the website
of the Zenjinkai-Group (https://www.zenjinkai-group.jp/
zenjinkai/privacypolicy/) according to the ethical guide-
lines for medical and health research involving human
subjects in Japan.
RESULTS

Tables 1 and 2 summarize the baseline characteristics of
patients. Table S2 presents the results of pooled polyto-
mous logistic regression for the denominator of IPTWs and
pooled logistic regression for the denominator of IPCWs.
Figure S2 and Table S3 show the distribution of IPWs,
which are the products of IPTWs and IPCWs, before and
after truncation. The variance of IPWs increased over time
both before and after truncation (Fig S2A and B). The
variance was greater before truncation than after
truncation.

Figure 1A shows the adjusted survival curves for all-
cause mortality. Allopurinol and febuxostat were associ-
ated with significantly better survival than nontreatment
(both P < 0.001), whereas febuxostat was associated with
less favorable survival than allopurinol, without a
Kidney Med Vol 6 | Iss 11 | November 2024 | 100896
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significant difference (P = 0.3). Allopurinol was associated
with significantly better survival than febuxostat and
nontreatment for first CVD events (both P < 0.001) and
first HF (P = 0.002 and P = 0.003), without a significant
difference between febuxostat and nontreatment (both
P = 0.5; Fig 1B and C). Allopurinol was associated with
significantly better survival than nontreatment for the first
AMI (P = 0.04), whereas other comparisons did not show
significant results (Fig 1D). None of the comparisons
showed significant results for the first stroke (Fig 1E).
Figure S3 shows the nonadjusted survival curves.

Figure 2A shows the MSM results for all-cause mortal-
ity. Both allopurinol and febuxostat were associated with
significantly better survival than nontreatment (HR, 0.40;
95% CI, 0.30-0.54 and HR, 0.49; 95% CI, 0.36-0.63,
respectively), without a significant difference between
allopurinol and febuxostat (HR, 0.82; 95% CI, 0.56-1.19).
Figure 2B shows the MSM results for CVD events. Allo-
purinol was associated with significantly better survival
than nontreatment in the AG and PWP models (HR, 0.85;
95% CI, 0.80-0.91 and HR, 0.89; 95% CI, 0.84-0.95,
respectively) but not febuxostat (both HR, 1.01; 95% CI,
0.96-1.07). Furthermore, allopurinol was associated with
significantly better survival than febuxostat in the AG and
PWP models (HR, 0.84; 95% CI, 0.78-0.91 and HR, 0.88;
95% CI, 0.82-0.95, respectively). Figure 2C shows the
MSM results for HF. Allopurinol was associated with
significantly better survival than nontreatment in the AG
and PWP models (HR, 0.69; 95% CI, 0.54-0.88 and HR,
0.71; 95% CI, 0.56-0.90, respectively) but not febuxostat
(HR, 0.99; 95% CI, 084-1.17 and HR, 1.03; 95% CI, 0.87-
1.21, respectively). Furthermore, allopurinol was associ-
ated with significantly better survival than febuxostat in the
AG and PWP models (HR, 0.68; 95% CI, 0.56-0.84 and
HR, 0.73; 95% CI, 0.60-0.89, respectively). Figure 2D
shows the MSM results for AMI. Allopurinol was associated
with significantly better survival than nontreatment in the
AG and PWP models (HR, 0.45; 95% CI, 0.23-0.85 and
HR, 0.48; 95% CI, 0.25-0.91, respectively) but not
febuxostat (HR, 0.76; 95% CI, 0.49-1.20 and HR, 0.76;
95% CI, 0.49-1.19, respectively). For stroke, none of the
comparisons showed significant results (Fig 2E). The
fraction of missing information was close to 0 for all pa-
rameters of MSMs (Table S4). The MSM results in patients
with a history of hyperuricemia at baseline (Fig S4) were
similar to those in all patients (Fig 2). Tables S5 and S6
present the results of conventional and time-dependent
Cox models.
DISCUSSION

In an observational patients receiving hemodialysis cohort
using marginal structural models, use of the xanthine
oxidoreductase inhibitors allopurinol and febuxostat was
associated with improved survival, allopurinol but not
febuxostat was associated with a lower risk of CVD, HF,
and myocardial infarction events, and neither allopurinol
Kidney Med Vol 6 | Iss 11 | November 2024 | 100896
nor febuxostat were associated with a reduction in stroke
events. These results could be influenced by the unique
characteristics of patients undergoing dialysis, whose
mechanisms for eliminating uric acid and uremic sub-
stances are constrained to the intestinal tract or dialysis
sessions. Various controversies exist regarding the thera-
peutic efficacy of uric acid-lowering treatments for patients
receiving hemodialysis.32 However, it is also inferred to be
important to further maintain the function of the excretory
pathway of uric acid and uremic toxins through the
ABCG2 channel.

Besides the uric acid-lowering effect, the better survival
associated with xanthine oxidoreductase inhibitors against
all-cause mortality is suspected to be due to the following
mechanisms: preservation of cell energy through the
adenosine triphosphate salvage cycle33 and the anti-
inflammatory effect of xanthine oxidoreductase in-
hibitors.34 Based on these reports, xanthine oxidoreductase
inhibition may improve prognoses by reducing oxidative
stress rather than lowering uric acid levels. Therefore, in
our preceding study, we hypothesized that xanthine
oxidoreductase inhibition might affect the prognosis of
patients receiving hemodialysis, and the results showed
that treatment with xanthine oxidoreductase inhibitors was
associated with improved all-cause mortality in these pa-
tients.4 However, the effect of xanthine oxidoreductase
inhibition on cardiovascular outcomes, including CVD
events, HF, and AMI, has not been determined. In addi-
tion, analyzing whether the treatment efficacy differed
among inhibitors was necessary. In our previous animal
study, xanthine oxidoreductase activity was elevated in an
aristolochic acid-induced kidney insufficiency mouse
model.3 In this model, xanthine oxidoreductase activity
was persistently increased in the renal tissue. The results
suggested that the increase in xanthine oxidoreductase
activity is associated with the progression of kidney
damage, specifically fibrosis. Therefore, we hypothesized
that chronic inflammation in CKD status results in the
elevation of xanthine oxidoreductase levels, and xanthine
oxidoreductase inhibition exerts its effect against
inflammation.

In our previous animal study, xanthine oxidoreductase
inhibition was associated with tissue damage-preventive
effects, mainly by alleviating xanthine oxidoreductase-
induced oxidative stress.35 Besides reducing oxidative
stress, xanthine oxidoreductase was associated with a
salvaging effect, implying that it simultaneously prevents
oxidative stress, salvages circulating metabolites, and im-
proves energy status.36 In clinical settings, recently devel-
oped febuxostat and topiroxostat are excreted from the
intestine and are available to patients with CKD to prevent
oxidative stress and improve energy status.37

Allopurinol reduced the risk of CVD events, HF, and
AMI compared with nontreatment, whereas febuxostat did
not. This result suggests that febuxostat inhibited the
excretion of uremic toxins through the ABCG2 channel
from the intestine, resulting in an increased incidence of
7



Ishii et al
CVD events due to uremic toxin accumulation. ABCG2
activity can vary extensively because of known genetic
polymorphisms or coincidental use of medications.38-40

However, in addition to lowering uric acid concentra-
tions through xanthine oxidoreductase inhibition, which is
the primary therapeutic target, maintaining the function of
the excretory pathway of uric acid and uremic toxins via
the ABCG2 channel may also play a significant role. Miyata
et al5 demonstrated that febuxostat strongly inhibited urate
transport through ABCG2 compared with other medica-
tions, including pyrazinecarboxylic acid, salicylic acid,
allopurinol, mizoribine, and ribavirin, in vitro (human
embryonic kidney cell-derived 293A cells), and in vivo.
The calculated half maximal inhibitory concentration value
for inhibiting the ABCG2-mediated urate transport activity
was 1/10 for febuxostat when compared with that for
topiroxostat.5 In addition, the study indicated that
febuxostat strongly inhibits ABCG2 in the kidneys and
intestine. In a previous study, the transporters in the basal
membrane were identified as the organic anion transporter
1 and organic anion transporter 3,41 whereas the trans-
porter of uremic toxins in the apical membrane had been
unknown. Taniguchi et al42 indicated that ABCG2 was
present in the small intestines, liver, and kidneys and that
ABCG2 mediated the excretion of uremic toxins in a
mouse adenine CKD model. In the study, a large amount of
uremic toxins was excreted from the intestines and livers
in patients with CKD, which was identified as a compen-
satory mechanism in a mouse model. In humans, Ohashi
et al43 estimated that w650 or 500 mg of uric acid was
produced daily in male or female participants undergoing
hemodialysis, with 60% of uric acid excreted through
ABCG2 in the extra-renal pathway. The ABCG2 dysfunc-
tion strongly contributes to an accumulation of uric acid;
further extrarenal urate excretion capacity can expand with
kidney function decline, and the extra-renal pathway is
particularly important for the outcomes of uric acid and
uremic toxin homeostasis in patients with kidney
dysfunction.42,43 Clinically, probenecid, benzbromarone,
and dotinurad, a more recent medication, are the recom-
mended uricosuric medications for patients with CKD.44

Furthermore, the newly developed febuxostat and top-
iroxostat have become widely used for CKD. However,
febuxostat is a coadministered medication for breast can-
cer. In breast cancer, ABCG2 mediates the excretion of
anticancer medications, resulting in reduced effective-
ness.38,39 Therefore, to prevent this, febuxostat has been
used as a coadministered medication to inhibit ABCG2
function,40 and it has stronger inhibitory effects on ABCG2
than allopurinol, topiroxostat, and other medications.5 The
ABCG2 has been recognized as a breast cancer-releasing
protein that is widely distributed in the small intestines,
breasts, kidneys, and kidney tissues38,45 and mediates the
excretion of uric acid and uremic toxins from the apical
side of epithelial cells.

Furthermore, many recent clinical investigations have
been reported13 regarding the differences in treatment
8

outcomes between allopurinol and febuxostat. The ABCG2
is the main transporter of urate and uremic toxins in
humans,45 and accumulated uremic toxins can lead to
higher risks of CVD events. Therefore, not inhibiting
ABCG2 function in patients with CKD who have reduced
kidney function may be important to prevent the increased
risk of CVD events. According to the CARES study,11 car-
diovascular and all-cause mortality rates were higher in the
febuxostat group than in the allopurinol group. However,
the study had no control group; therefore, the effect of
both medications compared with that of nontreatment
remains unelucidated.

Furthermore, the febuxostat group had a high fre-
quency of dropouts; we investigated our cohort of all
longitudinal observational steps to explore characteristics.
The mean uric acid levels before dialysis were 7.42, 6.99,
and 5.56 in the nontreatment, allopurinol, and febuxostat
groups, respectively. In addition, the mean treatment du-
rations in all observational steps were 28.45 ± 12.66 and
25.91 ± 13.07 months for allopurinol and febuxostat
prescriptions, respectively. These patients were well-
compliant, and withdrawal rates were suggested to be
slightly higher for febuxostat than allopurinol. Therefore,
the uric acid-lowering and suggested xanthine oxidore-
ductase inhibitory effects appeared to be stronger in the
febuxostat group than in the allopurinol group, as sup-
ported by literature on CKD. O’Dell et al46 suggest a
withdrawal rate of 20.1% in a veteran cohort that includes
individuals with stage III CKD, higher than that observed
in the CARES trial, where the withdrawal rate was <50%.
Despite this difference, both allopurinol-treated and
febuxostat-treated participants demonstrated non-
inferiority, with 80% of participants achieving the mean
target urate level.

The Stop Gout study46 also demonstrated noninferiority
against febuxostat, without substantial differences between
febuxostat and allopurinol for all-cause mortality and CVD
events. As this study specifically focused on individuals
with stage III CKD, we speculate that the reason for this
noninferiority in terms of CVD events could be attributed
to the kidneys maintaining an excretion pathway for ure-
mic toxins, unlike in the case of patients undergoing
dialysis, where excretion is primarily restricted to intestinal
pathways.

Another study compared the survival efficacy of
febuxostat and allopurinol for all-cause mortality and CVD
events, besides the uric acid-lowering effect, using Aus-
trian national data of 20,000 adult patients with hyper-
uricemia observed for 5 years and indicated that 7,767
febuxostat-treated patients had relatively more events
than allopurinol-treated patients.13 In that study, the esti-
mated HR of allopurinol was relatively lower than that of
febuxostat (0.6) in terms of ischemic heart disease, stroke,
and all-cause mortality, with significant differences.
However, the study had no control group. Therefore, to
clarify this problem, our study compared the effects of
febuxostat and allopurinol with those of nontreatment
Kidney Med Vol 6 | Iss 11 | November 2024 | 100896
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after adjusting for time-varying confounding and selection
bias due to censoring.

Notably, to our knowledge, this study is the first to
elucidate the differences in the effect of allopurinol and
febuxostat on CVD outcomes in patients undergoing he-
modialysis. In patients with end-stage kidney disease,
particularly those undergoing dialysis, the reduced excre-
tory capacity of uremic toxins through the gut may
majorly contribute to the increased risks of CVD events,
even more than the inhibitory effect on xanthine oxido-
reductase. Therefore, we recommend a urate transporter 1
inhibitor for patients with slightly impaired kidney func-
tion.44 Regarding the ineffectiveness for preventing cere-
bral hemorrhage, there is a diverse range of backgrounds
associated with the onset of cerebral hemorrhage.

This study has some limitations. First, the ratio of renal
or intestinal excretion of uric acid and uremic toxins was
not investigated in this study. However, according to
Ohashi et al’s43 uric acid pool model, the ratio of intestinal
excretion is expected to increase through intestinal ABCG2,
which can mediate the excretion of w60% of the daily
uric acid turnover in patients undergoing hemodialysis.
The renal excretion of uric acid or uremic toxins through
ABCG2 may be reduced using the ABCG2 blocker
febuxostat rather than allopurinol. Second, we could not
investigate the gene polymorphism of ABCG2 because of
the large number of cases that probably influenced the
results. Finally, this was not an RCT. However, this study
had high validity when compared with previous studies
that did not properly account for time-varying con-
founding.47 Although several previous studies have used
MSMs in the field of CKD,48 this is a novel study that
applied MSMs to examine the current research hypothesis.

In conclusion, allopurinol and febuxostat had stronger
xanthine oxidoreductase inhibitory effects than nontreat-
ment. However, febuxostat was not inferior to allopurinol
in terms of all-cause mortality. The involvement of ABCG2
is considered a possibility, although conclusive evidence is
yet to be established. Therefore, further investigations that
do not affect gut excretion should be conducted.
SUPPLEMENTARY MATERIALS

Supplementary File (PDF)

Fig S1: Directed acyclic graph (DAG) illustrating time-varying con-
founding and selection bias due to censoring.

Fig S2: Boxplots of the log-transformed stabilized inverse probability
weights (IPWs).

Fig S3: Nonadjusted survival curves

Fig S4: Results of marginal structural Cox proportional hazards
models (MSMs) in patients with a history of hyperuricemia at
baseline

Item S1: Formulas for stabilized inverse probability weight (IPW) esti-
mation of marginal structural Cox proportional hazards models (MSMs)

Table S1: Number of Missing Data on Covariates for Each Month

Table S2: Results of Models for Estimating the Denominator of
Stabilized Inverse Probability Weights (IPWs)
Kidney Med Vol 6 | Iss 11 | November 2024 | 100896
Table S3: Distribution of Inverse Probability Weights (IPWs) for
Each Month

Table S4: Fraction of Missing Information (FMI) of Marginal Struc-
tural Cox Proportional Hazards Models (MSMs)

Table S5: Results of Cox Proportional Hazards Models

Table S6: Results of Time-Dependent Cox Proportional Hazards
Models

ARTICLE INFORMATION

Authors’ Full Names and Academic Degrees: Takeo Ishii, MD,
PhD, Nodoka Seya, BDS, Masataka Taguri, PhD, Hiromichi Wakui,
MD, PhD, Ashio Yoshimura, MD, PhD, and Kouichi Tamura, MD, PhD

Authors’ Affiliations: Department of Medical Science and
Cardiorenal Medicine, Yokohama City University Graduate School
of Medicine, Yokohama, Japan (TI, HW, KT); Department of
Nephrology, Yokohama Daiichi Hospital Zenjinkai, Yokohama, Japan
(TI, AY); Department of Health Data Science, Tokyo Medical
University, Tokyo, Japan (NS, MT); and Department of Nephrology
and Hypertension, Yokohama City University Medical Center,
Yokohama, Japan (KT).

Address for Correspondence: Takeo Ishii, MD, PhD, Department of
Medical Science and Cardiorenal Medicine, University School of
Medicine, 3-9 Fukuura Kanazawa-ku, Yokohama City, Kanagawa,
Japan 236-0004. Email: ishii.tak.si@yokohama-cu.ac.jp

Support: None.

Financial Disclosure: The authors declare that they have no
relevant financial interests.

Acknowledgments: The authors thank Y. Hisa for sharing the
Zenjinkai dialysis dataset with us. This work was supported by the
Zenjinkai-Group.

Data Sharing Statement: Owing to the agreement under patient
privacy, data can only be shared upon reasonable request to the
corresponding author.

Peer Review: Received September 7, 2023. Evaluated by 3 external
peer reviewers, with direct editorial input from the Statistical Editor
and the Editor-in-Chief. Accepted in revised form June 18, 2024.

REFERENCES
1. Polito L, Bortolotti M, Battelli MG, Bolognesi A. Chronic kidney

disease: which role for xanthine oxidoreductase activity and
products? Pharmacol Res. 2022;184:106407. doi:10.1016/j.
phrs.2022.106407

2. Borghi C, Agnoletti D, Cicero AFG, Lurbe E,Virdis A. Uric acid and
hypertension: a review of evidence and future perspectives for the
management of cardiovascular risk. Hypertension. 2022;79(9):
1927-1936. doi:10.1161/HYPERTENSIONAHA.122.17956

3. Ishii T, Kumagae T, Wakui H, et al. Tissue xanthine oxidore-
ductase activity in a mouse model of aristolochic acid ne-
phropathy. FEBS Open Bio. 2021;11(2):507-518. doi:10.
1002/2211-5463.13083

4. Ishii T, Taguri M, Tamura K, Oyama K. Evaluation of the effec-
tiveness of xanthine oxidoreductase inhibitors on haemodialysis
patients using a marginal structural model. Sci Rep. 2017;7(1):
14004. doi:10.1038/s41598-017-13970-4

5. Miyata H, Takada T, Toyoda Y, Matsuo H, Ichida K, Suzuki H.
Identification of febuxostat as a new strong ABCG2 inhibitor:
potential applications and risks in clinical situations. Front
Pharmacol. 2016;7:518. doi:10.3389/fphar.2016.00518

6. Ichida K, Matsuo H, Takada T, et al. Decreased extra-renal urate
excretion is a common cause of hyperuricemia. Nat Commun.
2012;3:764. doi:10.1038/ncomms1756
9

https://doi.org/10.1016/j.xkme.2024.100896
mailto:ishii.tak.si@yokohama-cu.ac.jp
https://doi.org/10.1016/j.phrs.2022.106407
https://doi.org/10.1016/j.phrs.2022.106407
https://doi.org/10.1161/HYPERTENSIONAHA.122.17956
https://doi.org/10.1002/2211-5463.13083
https://doi.org/10.1002/2211-5463.13083
https://doi.org/10.1038/s41598-017-13970-4
https://doi.org/10.3389/fphar.2016.00518
https://doi.org/10.1038/ncomms1756


Ishii et al
7. Johnson RJ. Intestinal hyperuricemia as a driving mechanism for
CKD. Am J Kidney Dis. 2023;81(2):127-130. doi:10.1053/j.
ajkd.2022.08.001

8. Matsuo H, Nakayama A, Sakiyama M, et al. ABCG2 dysfunc-
tion causes hyperuricemia due to both renal urate under-
excretion and renal urate overload. Sci Rep. 2014;4:3755. doi:
10.1038/srep03755

9. Ohashi Y, Kuriyama S, Nakano T, et al. Urate transporter
ABCG2 function and asymptomatic hyperuricemia: a retro-
spective cohort study of CKD progression. Am J Kidney Dis.
2023;81(2):134-144.e1. doi:10.1053/j.ajkd.2022.05.010

10. FDA Drug Safety Communication. FDA to evaluate increased
risk of heart-related death and death from all causes with the
gout medicine febuxostat (Uloric). Accessed February 5, 2015.
https://www.fda.gov/media/120418/download

11. White WB, Saag KG, Becker MA, et al. Cardiovascular safety
of febuxostat or allopurinol in patients with gout. N Engl J Med.
2018;378(13):1200-1210. doi:10.1056/NEJMoa1710895

12. Mackenzie IS, Ford I, Nuki G, et al. Long-term cardiovascular
safety of febuxostat compared with allopurinol in patients with
gout (FAST): a multicentre, prospective, randomised, open-
label, non-inferiority trial. Lancet. 2020;396(10264):1745-
1757. doi:10.1016/S0140-6736(20)32234-0

13. Weisshaar S, Litschauer B, Reichardt B, et al. Cardiovascular
risk and mortality in patients with hyperuricemia treated with
febuxostat or allopurinol: a retrospective nation-wide cohort
study in Austria 2014-2017. Rheumatol Int. 2022;42(9):1597-
1603. doi:10.1007/s00296-022-05139-8

14. Hern�an MA, Brumback B, Robins JM. Marginal structural
models to estimate the joint causal effect of nonrandomized
treatments. JASA. 2001;96(454):440-448. doi:10.1198/
016214501753168154

15. Lusivika-Nzinga C, Selinger-Leneman H, Grabar S,
Costagliola D, Carrat F. Performance of the marginal
structural cox model for estimating individual and joined
effects of treatments given in combination. BMC Med
Res Methodol. 2017;17(1):160. doi:10.1186/s12874-017-
0434-1

16. Howe CJ, Cole SR, Mehta SH, Kirk GD. Estimating the effects
of multiple time-varying exposures using joint marginal struc-
tural models: alcohol consumption, injection drug use, and HIV
acquisition. Epidemiol. 2012;23(4):574-582. doi:10.1097/
EDE.0b013e31824d1ccb

17. Robins JM, Hern�an MA, Brumback B. Marginal structural
models and causal inference in epidemiology. Epidemiol.
2000;11(5):550-560. doi:10.1097/00001648-200009000-
00011

18. Hern�an MA, Brumback B, Robins JM. Marginal structural
models to estimate the causal effect of zidovudine on the
survival of HIV-positive men. Epidemiol. 2000;11(5):561-570.
doi:10.1097/00001648-200009000-00012

19. International Statistical Classification of Diseases and Related
Health Problems 10th Revision-10. 5th ed. https://icd.who.int/
browse10/2019/en.

20. Wanken ZJ, Anderson PB, Bessen SY, et al. Translating coding
lists in administrative claims-based research for cardiovascular
procedures. J Vasc Surg. 2020;72(1):286-292. doi:10.1016/j.
jvs.2019.09.040

21. Leyrat C, Carpenter JR, Bailly S, Williamson EJ. Common
methods for handling missing data in marginal structural
models: what works and why. Am J Epidemiol. 2021;190(4):
663-672. doi:10.1093/aje/kwaa225

22. Rubin DB. Multiple Imputation for Nonresponse in Surveys.
John Wiley & Sons; 1987.
10
23. van Buuren S, Groothuis-Oudshoorn K. Mice: multivariate
imputation by chained equations in R. J Stat Softw.
2011;45(3):1-67. doi:10.18637/jss.v045.i03

24. Madley-Dowd P, Hughes R, Tilling K, Heron J. The proportion of
missing data should not be used to guide decisions on multiple
imputation. J Clin Epidemiol. 2019;110:63-73. doi:10.1016/j.
jclinepi.2019.02.016

25. Hastie TJ, Tibshirani RJ. Generalized Additive Models.
Chapman & Hall; 1990.

26. Cole SR, Hern�an MA. Constructing inverse probability weights
for marginal structural models. Am J Epidemiol. 2008;168(6):
656-664. doi:10.1093/aje/kwn164

27. Westreich D, Cole SR, Tien PC, et al. Time scale and adjusted
survival curves for marginal structural cox models. Am J Epi-
demiol. 2010;171(6):691-700. doi:10.1093/aje/kwp418

28. Cole SR, Hern�an MA. Adjusted survival curves with inverse
probability weights. Comput Methods Programs Biomed.
2004;75(1):45-49. doi:10.1016/j.cmpb.2003.10.004

29. Andersen PK, Gill RD. Cox’s Regression model for counting
processes: a large sample study. Ann Statist. 1982;10(4):
1100-1120. doi:10.1214/aos/1176345976

30. Prentice RL, Williams BJ, Peterson AV. On the regression
analysis of multivariate failure time data. Biometrika.
1981;68(2):373-379. doi:10.1093/biomet/68.2.373

31. Yang W, Jepson C, Xie D, et al. Statistical methods for recur-
rent event analysis in cohort studies of CKD. Clin J Am
Soc Nephrol. 2017;12(12):2066-2073. doi:10.2215/CJN.
12841216

32. Rohn B, Jansing W, Seibert FS, et al. Association of hyperuri-
cemia and serum uric acid lowering therapy with mortality in
hemodialysis patients. Ren Fail. 2020;42(1):1067-1075. doi:
10.1080/0886022X.2020.1835674

33. Nomura J, Kobayashi T, So A, Busso N. Febuxostat, a xanthine
oxidoreductase inhibitor, decreases NLRP3-dependent
inflammation in macrophages by activating the purine salvage
pathway and restoring cellular bioenergetics. Sci Rep.
2019;9(1):17314. doi:10.1038/s41598-019-53965-x

34. Battelli MG, Bolognesi A, Polito L. Pathophysiology of circu-
lating xanthine oxidoreductase: new emerging roles for a multi-
tasking enzyme. Biochim Biophys Acta. 2014;1842(9):1502-
1517. doi:10.1016/j.bbadis.2014.05.022

35. Nomura J, Busso N, Ives A, et al. Xanthine oxidase inhibition by
febuxostat attenuates experimental atherosclerosis in mice. Sci
Rep. 2014;4:4554. doi:10.1038/srep04554

36. Yamada Y, Nomura N, Yamada K, et al. Hypoxanthine guanine
phosphoribosyltransferase (HPRT) deficiencies: HPRT1 mu-
tations in new Japanese families and PRPP concentration.
Nucleosides Nucleotides Nucleic Acids. 2014;33(4-6):218-
222. doi:10.1080/15257770.2013.865743

37. Kamijo-Ikemori A, Sugaya T, Hibi C, et al. Renoprotective effect
of the xanthine oxidoreductase inhibitor topiroxostat on
adenine-induced renal injury. Am J Physiol Renal Physiol.
2016;310(11):F1366-F1376. doi:10.1152/ajprenal.00517.
2015

38. van Herwaarden AE, Schinkel AH. The function of breast
cancer resistance protein in epithelial barriers, stem cells and
milk secretion of drugs and xenotoxins. Trends Pharmacol Sci.
2006;27(1):10-16. doi:10.1016/j.tips.2005.11.007

39. Imai Y, Tsukahara S, Asada S, Sugimoto Y. Phytoestrogens/
flavonoids reverse breast cancer resistance protein/ABCG2-
mediated multidrug resistance. Cancer Res. 2004;64(12):
4346-4352. doi:10.1158/0008-5472.CAN-04-0078

40. Imai Y, Nakane M, Kage K, et al. C421A polymorphism in the
human breast cancer resistance protein gene is associated
Kidney Med Vol 6 | Iss 11 | November 2024 | 100896

https://doi.org/10.1053/j.ajkd.2022.08.001
https://doi.org/10.1053/j.ajkd.2022.08.001
https://doi.org/10.1038/srep03755
https://doi.org/10.1038/srep03755
https://doi.org/10.1053/j.ajkd.2022.05.010
https://www.fda.gov/media/120418/download
https://doi.org/10.1056/NEJMoa1710895
https://doi.org/10.1016/S0140-6736(20)32234-0
https://doi.org/10.1007/s00296-022-05139-8
https://doi.org/10.1198/016214501753168154
https://doi.org/10.1198/016214501753168154
https://doi.org/10.1186/s12874-017-0434-1
https://doi.org/10.1186/s12874-017-0434-1
https://doi.org/10.1097/EDE.0b013e31824d1ccb
https://doi.org/10.1097/EDE.0b013e31824d1ccb
https://doi.org/10.1097/00001648-200009000-00011
https://doi.org/10.1097/00001648-200009000-00011
https://doi.org/10.1097/00001648-200009000-00012
https://icd.who.int/browse10/2019/en
https://icd.who.int/browse10/2019/en
https://doi.org/10.1016/j.jvs.2019.09.040
https://doi.org/10.1016/j.jvs.2019.09.040
https://doi.org/10.1093/aje/kwaa225
http://refhub.elsevier.com/S2590-0595(24)00107-9/sref22
http://refhub.elsevier.com/S2590-0595(24)00107-9/sref22
https://doi.org/10.18637/jss.v045.i03
https://doi.org/10.1016/j.jclinepi.2019.02.016
https://doi.org/10.1016/j.jclinepi.2019.02.016
http://refhub.elsevier.com/S2590-0595(24)00107-9/sref25
http://refhub.elsevier.com/S2590-0595(24)00107-9/sref25
https://doi.org/10.1093/aje/kwn164
https://doi.org/10.1093/aje/kwp418
https://doi.org/10.1016/j.cmpb.2003.10.004
https://doi.org/10.1214/aos/1176345976
https://doi.org/10.1093/biomet/68.2.373
https://doi.org/10.2215/CJN.12841216
https://doi.org/10.2215/CJN.12841216
https://doi.org/10.1080/0886022X.2020.1835674
https://doi.org/10.1080/0886022X.2020.1835674
https://doi.org/10.1038/s41598-019-<?thyc=10?>53965-x<?thyc?>
https://doi.org/10.1016/j.bbadis.2014.05.022
https://doi.org/10.1038/srep04554
https://doi.org/10.1080/15257770.2013.865743
https://doi.org/10.1152/ajprenal.00517.2015
https://doi.org/10.1152/ajprenal.00517.2015
https://doi.org/10.1016/j.tips.2005.11.007
https://doi.org/10.1158/0008-5472.CAN-04-0078
http://refhub.elsevier.com/S2590-0595(24)00107-9/sref40
http://refhub.elsevier.com/S2590-0595(24)00107-9/sref40


Ishii et al
with low expression of Q141K protein and low-level drug
resistance. Mol Cancer Ther. 2002;1(8):611-616.

41. Deguchi T, Kusuhara H, Takadate A, Endou H, Otagiri M,
Sugiyama Y. Characterization of uremic toxin transport by
organic anion transporters in the kidney. Kidney Int.
2004;65(1):162-174. doi:10.1111/j.1523-1755.2004.00354.x

42. Taniguchi T, Omura K, Motoki K, et al. Hypouricemic agents
reduce indoxyl sulfate excretion by inhibiting the renal trans-
porters OAT1/3 and ABCG2. Sci Rep. 2021;11(1):7232. doi:
10.1038/s41598-021-86662-9

43. Ohashi Y, Toyoda M, Saito N, et al. Evaluation of ABCG2-
mediated extra-renal urate excretion in hemodialysis patients.
Sci Rep. 2023;13(1):93. doi:10.1038/s41598-022-26519-x

44. Nakatani H, Fushimi M, Sasaki T, Okui D, Ohashi T. Clinical
pharmacological study of dotinurad administered to male and
female elderly or young subjects. Clin Exp Nephrol.
2020;24(suppl 1):8-16. doi:10.1007/s10157-019-01836-0
Kidney Med Vol 6 | Iss 11 | November 2024 | 100896
45. Merino G, van Herwaarden AE, Wagenaar E, Jonker JW,
Schinkel AH. Sex-dependent expression and activity of the
ATP-binding cassette transporter breast cancer resistance
protein (BCRP/ABCG2) in liver. Mol Pharmacol. 2005;67(5):
1765-1771. doi:10.1124/mol.105.011080

46. O’Dell JR, Brophy MT, Pillinger MH, et al. Comparative effec-
tiveness of allopurinol and febuxostat in gout management. NEJM
Evid. 2022;1(3):EVIDx2200180. doi:10.1056/EVIDoa2100028

47. Kang SH, Kim BY, Son EJ, Kim GO, Do JY. Comparison be-
tween the effects of allopurinol and febuxostat on the survival of
patients on maintenance hemodialysis. Am J Nephrol.
2023;54(3-4):117-125. doi:10.1159/000530972

48. Bansal N, Xie D, Sha D, et al. Cardiovascular events after
new-onset atrial fibrillation in adults with CKD: results from
the Chronic Renal Insufficiency Cohort (CRIC) study. J Am
Soc Nephrol. 2018;29(12):2859-2869. doi:10.1681/ASN.
2018050514
11

http://refhub.elsevier.com/S2590-0595(24)00107-9/sref40
http://refhub.elsevier.com/S2590-0595(24)00107-9/sref40
https://doi.org/10.1111/j.1523-1755.2004.00354.x
https://doi.org/10.1038/s41598-021-86662-9
https://doi.org/10.1038/s41598-021-86662-9
https://doi.org/10.1038/s41598-022-<?thyc=10?>26519-x<?thyc?>
https://doi.org/10.1007/s10157-019-01836-0
https://doi.org/10.1124/mol.105.011080
https://doi.org/10.1056/EVIDoa2100028
https://doi.org/10.1159/000530972
https://doi.org/10.1681/ASN.2018050514
https://doi.org/10.1681/ASN.2018050514

	Allopurinol, Febuxostat, and Nonuse of Xanthine Oxidoreductase Inhibitor Treatment in Patients Receiving Hemodialysis: A Lo ...
	Methods
	Study Participants
	Exposure
	Outcomes
	Covariates
	Statistical Analyses
	Statement of Ethics

	Results
	Discussion
	Supplementary Materials
	References


