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Abstract

Background and hypothesis—Hyperuricaemia and gout are common in chronic kidney
disease (CKD). We aimed to assess the effects of sodium-glucose co-transporter-2 (SGLT2)
inhibition on uric acid (urate) and gout in patients with CKD.

Methods—The EMPA-KIDNEY trial randomised 6609 patients with CKD (estimated glomerular
filtration rate [eGFR] 220 and <90 mL/min/1.73m?) to receive either empagliflozin 10 mg daily

or matching placebo over a median of two years follow-up. Serum uric acid was measured at
randomisation then 2 and 18 months of follow-up and the effects of empagliflozin were analysed
using a pre-specified mixed model repeated measures approach. Participant-reported gout events
were analysed in Cox regression models (first events) with the Andersen-Gill extension (total
events). A post-hoc composite outcome included new initiation of uric acid lowering therapy or
colchicine. EMPA-KIDNEY primary and kidney disease progression outcomes were also assessed
in subgroups of baseline serum uric acid.

Results—Baseline mean+SD serum uric acid concentration was 431+114 umol/L. Allocation

to empagliflozin resulted in a study-average between-group difference in serum uric acid of

-25.6 (95%CI -30.3,-21.0) umol/L with larger effects in those with higher eGFR (trend P<0.001)
and without diabetes (heterogeneity P<0.001). Compared to placebo, empagliflozin did not
significantly reduce first or total gout events (HR 0.87, 95%CI 0.74-1.02 for the 595 first events,
and 0.86, 0.72-1.03 for the 869 total events) with similar hazard ratios for the post-hoc composite
and across subgroups, including by diabetes and eGFR. The effect of empagliflozin on the primary
outcome and kidney disease progression outcomes were similar irrespective of baseline level of
uric acid.

Conclusion—SGLT2 inhibition reduces serum uric acid in patients with CKD with larger effects
at higher eGFR and in the absence of diabetes. However, the effect on uric acid is modest and did
not translate into reduced risk of gout in EMPA-KIDNEY.

Nephrol Dial Transplant. Author manuscript; available in PMC 2024 September 20.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Mayne et al.

Keywords

Page 3

CKD; empagliflozin; gout; SGLT2 inhibitor; uric acid

Introduction

Uric acid is derived from metabolism of dietary purines (such as meat, fish, seafood and
alcohol) as well as endogenous production via the pentose phosphate pathway which
supports synthesis of fatty acids, nucleotides and aromatic amino acids [1]. Excretion of
uric acid is largely via the kidneys [1]. Uric acid is freely filtered by the glomerulus then
reabsorbed in the proximal tubules by urate transporter URAT1 and the facilitative hexose/
urate transporter GLUT9b [1]. Decreased glomerular filtration leads to increased serum uric
acid concentration [2], and increased prevalence of gout in chronic kidney disease (CKD)
[2]. Hyperuricaemia is also associated with risk of further CKD progression [1, 2], but the
association has not been proven to be causal in Mendelian randomisation analyses [3-5] or
in randomised trials of interventions which lower uric acid [6-8].

Sodium—glucose cotransporter 2 (SGLT2) inhibitors have been demonstrated in large
randomised controlled trials to slow the progression of kidney disease in adults with CKD
by more than 30% and to reduce acute kidney injury by around one quarter [9]. Additionally,
SGLT2 inhibitors are known to reduce uric acid levels in patients with diabetes and/or

heart failure [10-14] yet randomised clinical trial evidence in patients with CKD is lacking.
This is important due to the high prevalence of hyperuricaemia and because low estimated
glomerular filtration rate (eGFR) may modify the effects of uric acid lowering with SGLT2
inhibitors. We aimed to quantify the effect of empagliflozin on serum uric acid levels in the
EMPA-KIDNEY trial population and relate any uric acid lowering to any effects on risk of
episodes of gout and CKD progression.

Materials and Methods

Outcomes

The full methods of the EMPA-KIDNEY trial and the main results have been reported
elsewhere (ClinicalTrials.gov number, NCT03594110) [15]. Briefly, patients with CKD

at risk of progression were identified based on historical and screening local laboratory
measurements of an eGFR 20 but <45 mL/min/1.73m?2, or an eGFR =45 but <90 mL/min/
1.73m2 with a urinary albumin-to-creatinine ratio (WUACR) =200 mg/g. All participants
provided written informed consent. Regulatory authorities and ethics committees in eight
participating countries approved the trial.

Serum uric acid was measured at randomisation then 2 and 18 months of follow-up in
all participants who gave consent for long-term sample storage for biochemical analysis.
Participants were asked about history of gout at baseline and any occurrences of gout
(serious and non-serious) at every follow-up visit.

A post-hoc composite outcome combining first occurrences of gout with new initiation of
uric acid lowering therapy or colchicine was constructed for participants not already taking
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such therapy at randomisation. Uric acid lowering therapy was ascertained from concomitant
medication reports on routine visit forms at randomisation and at each follow-up visit.

Uric acid lowering therapy included purine (allopurinol) and non-purine (febuxostat and
topiroxostat) xanthine oxidase inhibitors and the primary uricosuric agents benzbromarone
and probenecid. There were no recorded uses of oxypurinol, tisopurine, phytic acid,
myo-inositol or sulfinpyrazone in EMPA-KIDNEY. Analyses did not include the use of
non-steroidal anti-inflammatory drugs, steroids or interleukin inhibitors since these are not
specific to the treatment of gout.

The primary composite outcome in EMPA-KIDNEY was time to first occurrence of
progression of kidney disease (defined as end-stage kidney disease [ESKD; the initiation
of maintenance dialysis or receipt of a kidney transplant], a sustained decrease in eGFR to
<10 mL/min/1.73m?, a sustained decrease from baseline in eGFR of =40%, or death from
kidney failure) or death from cardiovascular causes [15]. Kidney disease progression was
a secondary outcome and both outcomes were assessed in post-hoc exploratory subgroup
analyses according to baseline serum uric acid levels.

Statistical analysis

Effects of empagliflozin on serum uric acid were analysed using a pre-specified mixed
model repeated measures (MMRM) approach adjusted for age, sex, region, eGFR, uUACR
and diabetes status in the categories pre-specified for the minimised randomisation
algorithm. The MMRM model also included fixed categorical effects of time (to avoid
assuming a linear association between treatment allocation and uric acid over time),
treatment allocation, treatment-by-time interaction, and continuous effects of baseline
(randomisation) uric acid, and baseline-by-time interaction. The within-person error
correlations were assumed to be unstructured. Effects at each follow-up time point were
estimated and used to derive study-average effects (with weights proportional to the amount
of time between visits). All between-group differences are reported as empagliflozin minus
placebo.

For time to first event outcomes, the effects of allocation to empagliflozin versus placebo
were assessed using pre-specified Cox regression models adjusted for age, sex, region,
eGFR, UACR and diabetes status. Total (first and recurrent) gout events were analysed
using the Andersen-Gill extension of Cox regression. For subgroup analyses by baseline
serum uric acid level, participants were categorised according to approximate thirds of the
variable’s distribution with a missing category analysed separately but included in analyses
of the full trial population.

To assess effect modification, subgroup-specific treatment effects were estimated by fitting
interaction terms in both the MMRM and Cox regression models and calculating a
heterogeneity or trend statistic from subgroup-specific estimates and standard errors, without
formal correction for multiplicity of testing. The null hypothesis was that the treatment
effect is the same across all subgroups. Important subgroups pre-selected for these analyses
were sex, diabetes, baseline eGFR, baseline serum uric acid, prior history of gout, diuretic
therapy and uric acid lowering therapy or colchicine reported at baseline. Additional
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subgroups were developed to explore effects according to insulin use and by glycated
haemoglobin at baseline after identifying evidence of heterogeneity by diabetes status.

In mediation analyses, the proportion of treatment effect on chronic eGFR slope (from

2 months to end of follow-up; calculated for each individual participant using linear
regression) explained by on-study serum uric acid levels was estimated using the landmark
method, adjusting the linear regression model for serum uric acid measured at the 2

month (post-randomisation) study visit. The proportion of treatment effect explained by
biomarkers relates to the percentage reduction in the Wald Xz statistic when the biomarker
variable or combination of biomarker variables is added to the model. This reflects the
reduction in the strength of the association between treatment allocation and chronic eGFR
slope after adjustment for the biomarker(s). This analysis was restricted to participants
with non-missing uric acid (and other biomarkers) at 2 months and a minimum of two
eGFR measurements between 2 months and the final follow-up visit. Bias-corrected and
accelerated bootstrap intervals with 10000 replications were used to construct the 95%
confidence intervals (Cl). Analyses were performed using R Studio version 4.2.2 (RStudio:
Integrated Development for R. RStudio, PBC, Boston, MA) and SAS version 9.4 (SAS
Institute, Cary NC).

Baseline characteristics

Baseline serum uric acid was measured at randomisation in 5168 out of 6609 randomised
participants (78%). Mean+SD serum uric acid concentration was 431+114 pmol/L (Table 1;
Supplementary Tables 1 & 2) and similar in males and females (433+114 versus 428+112
umol/L). Higher body mass index, a history of heart failure and use of diuretic therapy

were more prevalent among those with hyperuricaemia (Table 1). Higher baseline serum uric
acid was also associated with greater 5-year risk of kidney failure (using the Kidney Failure
Risk Equation [16]) (Table 1) however the correlation between serum uric acid and eGFR
was weak (Supplementary Figure 1). Serum uric acid at randomisation in those allocated

to placebo was strongly positively associated with the future risk of an episode of gout
(Supplementary Figure 2).

Participants reporting previous gout had lower mean+SD serum uric acid (422+121 versus
435110 pmol/L) and were more likely to be taking uric acid lowering therapy or colchicine
at baseline (Supplementary Table 2). There was considerable overlap between participant
groups with a self-reported history of gout, those on uric acid lowering/colchicine treatment,
and with evidence of hyperuricaemia (defined as uric acid =470 pmol/L, Supplementary
Figure 3). Nevertheless, use of uric acid lowering medication or colchicine was common

in the absence of a history of self-reported gout; of 2350 participants prescribed such
medications at baseline, 1179 (50%) did not report prior gout (Supplementary Table 1,
indications for their use among those without gout are unknown).
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Effects of empagliflozin on serum uric acid

In 2691 participants who had at least one uric acid measurement during follow-up,
empagliflozin resulted in a significant reduction in serum uric acid levels which occurred
early by 2 months and was sustained until at least 18 months (Figure 1). The between-group
difference (empagliflozin minus placebo) averaged over 18 months was -25.6 (95% ClI
-30.3, - 21.0) umol/L. The observed uric acid lowering effect was similar in both males and
females and was unmodified by baseline uric acid levels, prior history of gout, and diuretic
therapy use or uric acid lowering/colchicine therapy use at baseline (all heterogeneity/trend
P values >0.10) (Figure 2 and Supplementary Figure 4). Uric acid lowering effects were
larger among those with a higher level of eGFR at baseline (trend P<0.001; Figure 2 and
Supplementary Figures 4-6). Furthermore, the effect of empagliflozin on uric acid was larger
in those without diabetes than those with diabetes (heterogeneity P<0.001; Figure 2 and
Supplementary Figures 4-6), and the magnitude of difference between those with versus
without diabetes was itself greater at higher than lower levels of eGFR.

Effects of empagliflozin on gout & clinically important hyperuricaemia

There were 869 adverse event reports of gout throughout the median (Q1-Q3) 2.0 (1.5-2.4)
year follow-up in 595 participants (404 events in 278 participants in the empagliflozin group
and 465 events in 317 participants in the placebo group). Overall, compared to placebo,
empagliflozin did not significantly reduce the occurrence of first or total (first and recurrent)
gout events (hazard ratio [HR] 0.87, 95% CI 0.74-1.02 and 0.86, 0.72-1.03; respectively;
Table 2). Hazard ratios were broadly similar in subgroup analyses of time to any gout

event (first and recurrent), including analyses by baseline eGFR (trend P=0.62) and diabetes
status (heterogeneity P=0.17, Figure 3). The hazard ratio was also similar in a post-hoc
analysis excluding 2350 participants already taking uric acid lowering therapy or colchicine
at randomisation (first gout event or initiation of uric acid lowering or colchicine therapy:
261 events in 2135 participants allocated to empagliflozin [12.2%] versus 314/2124 [14.8%]
in the placebo group; HR 0.81, 95% CI 0.69-0.96).

Effects of empagliflozin on the primary outcome & kidney disease progression according
to baseline serum uric acid

As previously reported, in the full EMPA-KIDNEY population and compared to placebo,
empagliflozin reduced the risk of the primary composite outcome of kidney disease
progression or cardiovascular death by 28% (HR 0.72, 95% CI 0.64-0.82). There was no
significant difference in this relative effect by baseline serum uric acid level (trend P=0.84,
Figure 4). The majority of the 990 primary outcome events were due to kidney disease
progression (888 events) and overall, empagliflozin reduced the risk of this secondary
outcome by 29% (HR 0.71, 95% CI 0.62-0.81), again with no significant heterogeneity
according to serum uric acid concentration at randomisation (trend P=0.92, Figure 4).

Mediation of the effects of empagliflozin on chronic eGFR slope by serum uric acid

In exploratory analyses, there was no evidence that the effect of empagliflozin versus
placebo on chronic eGFR slope (nor the primary outcome or key secondary outcome of
kidney disease progression) was explained by on-study (i.e. measurement from 2 month
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visit) serum uric acid. On-study UACR, systolic and diastolic blood pressure explained 15%
(95% CI 10-22%), 6% (3-11%) and 1% (0-4%) of the treatment effect on chronic eGFR
slope, respectively. When combined with HbA1c and uric acid, these variables together
still only explained 15% (7-23%) of the effect of empagliflozin on chronic eGFR slope
(Supplementary Table 3).

Discussion

These exploratory analyses sought to quantify the effect of SGLT2 inhibition on uric acid
and gout in a broad population of patients with CKD at risk of progression. In EMPA-
KIDNEY, empagliflozin resulted in an early and sustained reduction in serum uric acid with
larger effects at higher eGFR and in those without diabetes. In exploratory analyses, the
beneficial effects of empagliflozin on kidney disease progression were not dependent upon
baseline uric acid level nor were they explained by on-study uric acid levels. Overall, the
average effect was relatively modest (a 6% relative reduction in uric acid levels) and did
not translate into a measurable effect on clinical risk of gout events in this trial population.
This effect of SGLT2 inhibitors on uric acid is much smaller than that achieved by xanthine
oxidase inhibitors (~30-50%) [17] or the newer URAT1 inhibitor verinurad (~40-60%) [8,
18]. Nevertheless, empagliflozin lowered serum uric acid in participants reporting such uric
acid lowering therapy use at baseline (Figure 2), suggesting a mechanism of action not
saturated by existing therapies and likely complementary effects.

The uric acid lowering effect observed in EMPA-KIDNEY is within the range of that
reported from other large SGLT2 inhibitor trials. These effects vary widely with a

study average between-group difference ranging from 13 umol/L in CREDENCE to

~50-70 pmol/L in the DAPA-HF, EMPEROR-Reduced and EMPEROR-Preserved trials

[10, 12, 19, 20]. Our analyses raise a hypothesis that apparent differences in uric acid
lowering effects between the large SGLT2 inhibitor trials may reflect differences in trial
population characteristics, specifically relating to diabetes and level of kidney function.

For example, uric acid lowering effects are greatest in the heart failure trials composed of
approximately 50% of participants with and without diabetes and relatively preserved kidney
function (Supplementary Table 4); and smallest in a CKD trial which exclusively recruited
participants with type 2 diabetes where mean glycated haemoglobin was 8.3% and two-
thirds were on insulin at baseline [19, 21]. Post-hoc analyses of the EMPEROR-Reduced
trial also suggest effect modification by diabetes status: the adjusted mean difference

in serum uric acid with empagliflozin versus placebo was —1.25 (-1.36, —1.14) mg/dL
compared to —0.99 (-1.09, —0.88) mg/dL in those without and with diabetes, respectively
(~74 and 59 pmol/L; heterogeneity P<0.001) [12]. The differential uric acid lowering effects
we observed between those with and without diabetes in EMPA-KIDNEY are not entirely
explained by differences in baseline eGFR (or vice versa; Supplementary Figure 5).

The mechanisms by which empagliflozin lowers serum uric acid could encompass both
enhanced renal excretion and reduced synthesis of uric acid [23]. SGLT2 inhibition
increases tubular glucose which competitively antagonises urate reabsorption via the
GLUT9b transporter in the proximal tubule [1]. However SGLT2 inhibitor-driven uricosuria
cannot solely be explained by glycosuria since we observed larger effects in participants
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without diabetes where glycosuria is attenuated [24]. Animal studies suggest uricosuria may
additionally be enhanced via direct effects of SGLT2 inhibitors on urate transporters in

the kidney (glucose transporter 9, GLUT9 and ATP-binding cassette subfamily G member
2, ABCG2) [25, 26]. The phenomenon of attenuated uric acid lowering in patients with
diabetes might be explained by antagonist effects of insulin in modulating urate transporters
in the kidney which has been demonstrated in animal studies [27]. Outside of the kidney,
SGLT2 inhibitors may also reduce uric acid synthesis via downregulation of the pentose
phosphate pathway (i.e. the source of purines which are metabolised to uric acid) [23].

An additional consideration is that SGLT2 inhibitors can reduce the need for initiation of
additional diuretic therapy [28] - as was also observed in EMPA-KIDNEY (Supplementary
Figure 4 footnote) - likely due to reductions in total body water [29]. This is relevant

since loop and thiazide diuretics reduce uric acid excretion, promote hyperuricaemia

and are associated with increased risk of gout [30, 31]. Our exploratory observations

should encourage further mechanistic research into the inter-relationship between glycaemic
control, insulin, kidney function and the uric acid lowering effects of SGLT2 inhibitors.

We found no evidence that the effect of empagliflozin on chronic eGFR slope (nor the
composite outcome of kidney disease progression) was explained by on-study uric acid
levels. This is consistent with Mendelian randomisation experiments in which genetic
scores for uric acid levels do not predict progression of CKD [3-5]. Our findings are

also consistent with mediation analyses from the CREDENCE trial which was also
conducted in a population with CKD, but in contrast to reports from trials among
populations with relatively preserved kidney function (Supplementary Table 4) [34-36]. It
is possible that changes in uric acid reflect changes in kidney function more closely in such
populations (where creatinine-based formulae perform poorly) so the apparent mediation
was confounded by kidney function. An interesting observation concerning the relationship
between eGFR and the uric acid lowering effect of empagliflozin is that reduction in uric
acid occurred early (Figure 1) despite the expected acute dip in eGFR [15, 22]. Changes in
uric acid can also reflect weight loss [37-39] but since the ~1 kg effective weight loss in
empagliflozin-treated patients in EMPA-KIDNEY is entirely explained by fluid loss (and not
fat) [29], weight loss would not be expected to explain the uric acid lowering observed in
EMPA-KIDNEY.

A strength of these analyses (despite only using 3 measurement time points) was the large
number of participants with uric acid measurements. This provides precise estimates of
effects in subgroups even though the magnitude of uric acid lowering by SGLT2 inhibitors
was only ~25 pmol/L in EMPA-KIDNEY (or ~6% in relative terms). Such a small effect
on uric acid may be too modest to detect any significant effect of SGLT2 inhibition on
gout events even in large trials (Table 2). There is some evidence from early trials that
gout events are reduced when available data are combined [32] and in analyses exploring
post-hoc outcomes based on initiation of uric acid lowering therapy [11-13, 33]. In EMPA-
KIDNEY, serum uric acid concentration was strongly positively associated with adverse
event reports of gout (Supplementary Figure 2). If this association is causal, the overall
uric acid lowering effect (~25 umol/L) of empagliflozin could be expected to reduce the
risk of a first gout event by ~7% (for a patient with the mean baseline uric acid value

of ~430 pumol/L as observed in EMPA-KIDNEY, Supplementary Figure 2). Although the
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reported hazard ratios for the clinical outcomes are consistent with a 7% reduction in relative
risk, we estimate a few thousand gout episodes would be required for sufficient power to
detect such an effect. Therefore, the main limitation of the present analyses - other than
their post-hoc exploratory nature - is that they were underpowered to assess the whether

the effect of empagliflozin on uric acid translates into effects on clinical episodes of gout.
Reliance upon participant reports to ascertain gout events may be considered a limitation

in EMPA-KIDNEY. However, direct follow-up by systematic interview instead of medical
note review is our preferred method of follow-up, particularly for a symptomatic disease.
This is because medical records used in routine clinical care are not recorded in a systematic
manner, and introduce error-prone transcription steps. Provided a trial is large, double-blind,
placebo controlled with systematic follow-up (i.e. it controls systematic bias), then small

or even moderate amounts of missing data or data errors do not materially affect reported
relative risks and only modestly affect power [40].

In conclusion, in EMPA-KIDNEY, empagliflozin modestly lowered serum uric acid in a
broad range of patients with CKD with larger effects at higher eGFR and in those without
diabetes. There was minimal uric acid lowering in those with poor glycaemic control. Serum
uric acid did not explain the effect of empagliflozin in slowing kidney disease progression.
Since the effect of SGLT2 inhibition on uric acid is modest, any direct effect on clinical
episodes of gout is likely to be small in patients with CKD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

Funding

We thank the participants, the local site staff, regional coordinating centre staff, and all members of EMPA-
KIDNEY committees.

The EMPA-KIDNEY trial was funded by a grant to the University of Oxford from Boehringer Ingelheim (the
sponsor) with additional funding from Eli Lilly. EMPA-KIDNEY was also supported by core funding to the
Medical Research Council (MRC) Population Health Research Unit at the University of Oxford, which is part of
the Clinical Trial Service Unit and Epidemiological Studies Unit (CTSU) (MRC grant numbers MC_UU_00017/3
and MC_UU_00017/4). CTSU also receives funding from the British Heart Foundation and Health Data Research
(UK).

Data availability statement

The complete de-identified patient data set used for presented analyses will be available
in due course. Departmental policy details can be found here: https://www.ndph.ox.ac.uk/
data-access. In adherence with the Boehringer Ingelheim Policy on Transparency and
Publication of Clinical Study Data, scientific and medical researchers can request access
to clinical study data, typically, one year after the approval has been granted by major
Regulatory Authorities or after termination of the development program. Researchers
should use the https://vivli.org/ link to request access to study data and visit https://
www.mystudywindow.com/msw/datasharing for further information.

Nephrol Dial Transplant. Author manuscript; available in PMC 2024 September 20.


https://www.ndph.ox.ac.uk/data-access
https://www.ndph.ox.ac.uk/data-access
https://vivli.org/
https://www.mystudywindow.com/msw/datasharing
https://www.mystudywindow.com/msw/datasharing

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Mayne et al.

References
1

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

Page 10

. Bailey CJ. Uric acid and the cardio-renal effects of SGLT2 inhibitors. Diabetes Obes Metab. 2019;

21 (6) 1291-1298. [PubMed: 30762288]

. Johnson RJ, Sanchez Lozada LG, Lanaspa MA, et al. Uric Acid and Chronic Kidney Disease: Still

More to Do. Kidney Int Rep. 2023; 8 (2) 229-239. [PubMed: 36815099]

. Jordan DM, Choi HK, Verbanck M, et al. No causal effects of serum urate levels on the risk

of chronic kidney disease: A Mendelian randomization study. PLoS Med. 2019; 16 (1) e1002725
[PubMed: 30645594]

. Tsao HM, Lai TS, Chang YC, et al. Serum Urate and Risk of Chronic Kidney Disease: A Mendelian

Randomization Study Using Taiwan Biobank. Mayo Clin Proc. 2023; 98 (4) 513-521. [PubMed:
36870858]

. Ahola AJ, Sandholm N, Forsblom C, et al. The serum uric acid concentration is not causally

linked to diabetic nephropathy in type 1 diabetes. Kidney Int. 2017; 91 (5) 1178-1185. [PubMed:
28238338]

. Badve SV, Pascoe EM, Tiku A, et al. Effects of Allopurinol on the Progression of Chronic Kidney

Disease. N Engl J Med. 2020; 382 (26) 2504-2513. [PubMed: 32579811]

. Doria A, Galecki AT, Spino C, et al. Serum Urate Lowering with Allopurinol and Kidney Function

in Type 1 Diabetes. N Engl J Med. 2020; 382 (26) 2493-2503. [PubMed: 32579810]

. Heerspink HJL, Stack AG, Terkeltaub R, et al. Combination Treatment with Verinurad and

Allopurinol in CKD: A Randomized Placebo and Active Controlled Trial. J Am Soc Nephrol.
2024; 35 (5) 594-606. [PubMed: 38564654]

. Nuffield Department of Population Health Renal Studies Group and SGLT2 inhibitor Meta-Analysis

Cardio-Renal Trialists’ Consortium. Impact of diabetes on the effects of sodium glucose co-
transporter-2 inhibitors on kidney outcomes: collaborative meta-analysis of large placebo-controlled
trials. Lancet. 2022; 400 (10365) 1788-1801. [PubMed: 36351458]

. McDowell K, Welsh P, Docherty KF, et al. Dapagliflozin reduces uric acid concentration, an
independent predictor of adverse outcomes in DAPA-HF. Eur J Heart Fail. 2022; 24 (6) 1066—
1076. [PubMed: 35064721]

Ferreira JP, Inzucchi SE, Mattheus M, et al. Empagliflozin and uric acid metabolism in diabetes:
A post hoc analysis of the EMPA-REG OUTCOME trial. Diabetes Obes Metab. 2022; 24 (1)
135-141. [PubMed: 34558768]

Doehner W, Anker SD, Butler J, et al. Uric acid and sodium-glucose cotransporter-2 inhibition
with empagliflozin in heart failure with reduced ejection fraction: the EMPEROR-reduced trial.
Eur Heart J. 2022; 43 (36) 3435-3446. [PubMed: 35788657]

Li J, Badve SV, Zhou Z, et al. The effects of canagliflozin on gout in type 2 diabetes: a post-
hoc analysis of the CANVAS Program. Lancet Rheumatol. 2019; 1 (4) e220-e228. [PubMed:
38229378]

Cherney DZI, Cosentino F, Pratley RE, et al. The differential effects of ertugliflozin on glucosuria
and natriuresis biomarkers: Prespecified analyses from VERTIS CV. Diabetes Obes Metab. 2022;
24 (6) 1114-1122. [PubMed: 35233908]

EMPA-KIDNEY Collaborative Group. Empagliflozin in Patients with Chronic Kidney Disease. N
Engl J Med. 2023; 388 (2) 117-127. [PubMed: 36331190]

Tangri N, Stevens LA, Griffith J, et al. A predictive model for progression of chronic kidney
disease to kidney failure. JAMA. 2011; 305 (15) 1553-1559. [PubMed: 21482743]

Becker MA, Schumacher HR, Wortmann RL, et al. Febuxostat compared with allopurinol in
patients with hyperuricemia and gout. N Engl J Med. 2005; 353 (23) 2450-2461. [PubMed:
16339094]

Stack AG, Dronamraju N, Parkinson J, et al. Effect of Intensive Urate Lowering With Combined
Verinurad and Febuxostat on Albuminuria in Patients With Type 2 Diabetes: A Randomized Trial.
Am J Kidney Dis. 2021; 77 (4) 481-489. [PubMed: 33130235]

Doi Y, Hamano T, Yamaguchi S, et al. Mediators between canagliflozin and renoprotection vary

depending on patient characteristics: Insights from the CREDENCE trial. Diabetes Obes Metab.
2023; 25 (10) 2944-2953. [PubMed: 37385955]

Nephrol Dial Transplant. Author manuscript; available in PMC 2024 September 20.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Mayne et al.

20.

21.

22.

23.

24.

25.

26.

27

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

Page 11

Green J. Uric Acid and Treatment With Empagliflozin in Heart Failure with Preserved Ejection
Fraction (HFpEF): the EMPEROR-Preserved Trial. Metabolism. 2023; 142 155468

Perkovic V, Jardine MJ, Neal B, et al. Canagliflozin and Renal Outcomes in Type 2 Diabetes and
Nephropathy. N Engl J Med. 2019; 380 (24) 2295-2306. [PubMed: 30990260]

Staplin N, Haynes R, Judge PK, et al. Effects of empagliflozin on progression of chronic kidney
disease: a prespecified secondary analysis from the empa-kidney trial. The Lancet Diabetes &
Endocrinology. 2023.

Packer M. Hyperuricemia and Gout Reduction by SGLT2 Inhibitors in Diabetes and Heart Failure:
JACC Review Topic of the Week. J Am Coll Cardiol. 2024; 83 (2) 371-381. [PubMed: 38199714]

Cherney DZI, Cooper ME, Tikkanen I, et al. Pooled analysis of Phase I1I trials indicate
contrasting influences of renal function on blood pressure, body weight, and HbA1c reductions
with empagliflozin. Kidney Int. 2018; 93 (1) 231-244. [PubMed: 28860019]

Novikov A, Fu Y, Huang W, et al. SGLT2 inhibition and renal urate excretion: role of luminal
glucose, GLUT9, and URAT1. Am J Physiol Renal Physiol. 2019; 316 (1) F173-F185. [PubMed:
30427222]

Lu YH, Chang YP, Li T, et al. Empagliflozin Attenuates Hyperuricemia by Upregulation of
ABCG2 via AMPK/AKT/CREB Signaling Pathway in Type 2 Diabetic Mice. Int J Biol Sci. 2020;
16 (3) 529-542. [PubMed: 32015688]

. Toyoki D, Shibata S, Kuribayashi-Okuma E, et al. Insulin stimulates uric acid reabsorption via

regulating urate transporter 1 and ATP-binding cassette subfamily G member 2. Am J Physiol
Renal Physiol. 2017; 313 (3) F826-F834. [PubMed: 28679589]

Chatur S, Vaduganathan M, Claggett B, et al. Dapagliflozin and diuretic utilization in heart failure
with mildly reduced or preserved ejection fraction: the DELIVER trial. Eur Heart J. 2023; 44 (31)
2930-2943. [PubMed: 37220093]

Mayne KJ, Staplin N, Keane DF, et al. Effects of Empagliflozin on Fluid Overload, Weight, and
Blood Pressure in CKD. Journal of the American Society of Nephrology. 2024; 35 (2)

El-Sheikh AA, van den Heuvel JJ, Koenderink JB, et al. Effect of hypouricaemic and
hyperuricaemic drugs on the renal urate efflux transporter, multidrug resistance protein 4. Br J
Pharmacol. 2008; 155 (7) 1066—-1075. [PubMed: 18724382]

Choi HK, Soriano LC, Zhang Y, et al. Antihypertensive drugs and risk of incident gout among
patients with hypertension: population based case-control study. BMJ. 2012; 344 d8190 [PubMed:
22240117]

. Banerjee M, Pal R, Maisnam I, et al. Serum uric acid lowering and effects of sodium-glucose

cotransporter-2 inhibitors on gout: A meta-analysis and meta-regression of randomized controlled
trials. Diabetes Obes Metab. 2023; 25 (9) 2697-2703. [PubMed: 37334516]

Butt JH, Docherty KF, Claggett BL, et al. Association of Dapagliflozin Use With Clinical
Outcomes and the Introduction of Uric Acid-Lowering Therapy and Colchicine in Patients With
Heart Failure With and Without Gout: A Patient-Level Pooled Meta-analysis of DAPA-HF and
DELIVER. JAMA Cardiol. 2023; 8 (4) 386—393. [PubMed: 36811901]

Wanner C, Nangaku M, Kraus BJ, et al. How do SGLT2 inhibitors protect the kidney? A mediation
analysis of the EMPA-REG OUTCOME trial. Nephrol Dial Transplant. 2024.

Li J, Neal B, Perkovic V, et al. Mediators of the effects of canagliflozin on kidney protection in
patients with type 2 diabetes. Kidney Int. 2020; 98 (3) 769-777. [PubMed: 32470492]

Segar MW, Kolkailah AA, Frederich R, et al. Mediators of ertugliflozin effects on heart failure and
kidney outcomes among patients with type 2 diabetes mellitus. Diabetes Obes Metab. 2022; 24 (9)
1829-1839. [PubMed: 35603908]

Zhu'Y, Zhang Y, Choi HK. The serum urate-lowering impact of weight loss among men with
a high cardiovascular risk profile: the Multiple Risk Factor Intervention Trial. Rheumatology
(Oxford). 2010; 49 (12) 2391-2399. [PubMed: 20805117]

Richette P, Poitou C, Manivet P, et al. Weight Loss, Xanthine Oxidase, and Serum Urate Levels:

A Prospective Longitudinal Study of Obese Patients. Arthritis Care Res (Hoboken). 2016; 68 (7)
1036-1042. [PubMed: 26844534]

Nephrol Dial Transplant. Author manuscript; available in PMC 2024 September 20.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Mayne et al. Page 12

39. Palmer TM, Nordestgaard BG, Benn M, et al. Association of plasma uric acid with ischaemic heart
disease and blood pressure: mendelian randomisation analysis of two large cohorts. BMJ. 2013;
347 4262 [PubMed: 23869090]

40. Collins R, Reith C, Emberson J, et al. Interpretation of the evidence for the efficacy and safety of
statin therapy. Lancet. 2016; 388 (10059) 2532-2561. [PubMed: 27616593]

Nephrol Dial Transplant. Author manuscript; available in PMC 2024 September 20.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Mayne et al.

Page 13
Key learning points
What was known
O Hyperuricaemia and gout are common in chronic kidney disease (CKD)
O Sodium-glucose co-transporter-2 (SGLT2) inhibitors reduce uric acid and
may reduce risk of gout in people with diabetes and/or heart failure
O Uric acid lowering effects at lower levels of kidney function were uncertain

This study adds

O SGLT2 inhibition modestly lowers uric acid in CKD, with greater effects
at higher levels of kidney function and in the absence of diabetes (with
particular attenuation when glycaemic control is poor)

O This uric acid lowering effect does not appear to explain the protective effects
of SGLT2 inhibition on the kidney

Potential impact

O Uric acid lowering may be an additional advantage of SGLT2 inhibitor
treatment in patients with CKD. The magnitude of this effect is small
compared to uricosuric agents but SGLT2 inhibitors further lower uric acid in
addition to such therapies in patients with CKD.
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Overall 403.3 (1.7) 428.9 (1.6) -25.6 (-30.3, -21.0) <0.001

Figure 1. Effect of empagliflozin versus placebo on serum uric acid overall
*To convert uric acid to mg/dL, divide by 59.48 (25.6 pmol/L ~ 0.4 mg/dL). Analysis

required participants to have at least one measurement of uric acid during follow-up at

2 and/or 18 months (n=2691 participants). The value at time O is the overall mean of
baseline values in all analysed participants in the empagliflozin and placebo arms combined.
Study-average differences between treatment groups (empagliflozin minus placebo) are
derived from a repeated measures mixed model adjusted for baseline serum uric acid (in
continuous form), baseline-by-time interaction, the covariates used in the minimisation
algorithm (categories of age, sex, diabetes, estimated glomerular filtration rate, urinary
albumin-to-creatinine ratio and region) fixed categorical effects of time, treatment allocation
and treatment-by-time interaction, and weighted in proportion to the amount of time
between follow-up visits. Missing baseline uric acid (4/2691 participants) was imputed with
the baseline mean.
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Figure 2. Effects of empagliflozin versus placebo on serum uric acid in subgroups defined by
baseline characteristics

*To convert uric acid to mg/dL, divide by 59.48 (380 pmol/L ~ 6.4 mg/dL; 480 pmol/L

~ 8.1 mg/dL). Analysis required participants to have at least one measurement of uric

acid during follow-up at 2 and/or 18 months (n=2691 participants). Absolute differences

in study-average uric acid between treatment groups (empagliflozin minus placebo) are
derived from a repeated measures mixed model (MMRM) adjusted for baseline serum

uric acid (in continuous form), baseline-by-time interaction, the covariates used in the
minimisation algorithm (categories of age, sex, diabetes, estimated glomerular filtration rate,
urinary albumin-to-creatinine ratio and region) fixed categorical effects of time, treatment
allocation and treatment-by-time interaction, and weighted in proportion to the amount of
time between follow-up visits.. Interaction terms are included in the MMRM models to
assess for heterogeneity (sex, diabetes, previous gout, any diuretic therapy) between or
trend (estimated GFR, serum uric acid) across subgroup-specific means and standard errors.
Relative differences are presented in Supplementary Figure 4. Uric-acid lowering therapty
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includes xanthine oxidase inhibitors and primary uricosuric drugs (see Methods). GFR =
glomerular filtration rate. Missing baseline uric acid (4/2691 participants) was imputed with
the baseline mean and so participants are included in the middle subgroup category =380
<480 umol/L.
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Figure 3. Effects of empagliflozin versus placebo on first and recurrent gout events in subgroups

Total (first and recurrent) self-reported episodes of gout recorded as adverse events

(serious or non-serious) analysed using the Andersen-Gill extension of Cox regression with
adjustment for the covariates used in the minimisation algorithm (categories of age, sex,
diabetes, estimated glomerular filtration rate, urinary albumin-to-creatinine ratio and region).
n/N represents total number of events / number of participants and rate is expressed as total
events per 1000 patient-years. Reasons for missing uric acid: analyses were not conducted

in participants from China (n=986) or participants who did not provide additional optional
consent for long-term sample storage for biochemical analysis. *To convert uric acid to
mg/dL, divide by 59.48 (380 umol/L ~ 6.4 mg/dL; 470 pmol/L ~ 7.9 mg/dL). Trend test
excludes missing category. Uric-acid lowering therapy includes xanthine oxidase inhibitors

and primary uricosuric drugs (see Methods). GFR = glomerular filtration rate.
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Figure 4. Effects of empagliflozin versus placebo on the primary outcome and kidney disease
progression by serum uric acid concentration at randomisation

*To convert uric acid to mg/dL, divide by 59.48 (380 umol/L ~ 6.4 mg/dL; 470 pmol/L ~
7.9 mg/dL). Progression of kidney disease is defined as end-stage kidney disease (initiation
of maintenance dialysis or kidney transplant), a sustained decrease in eGFR to <10 mL/min/
1.73m?2, a sustained decrease in eGFR of at least 40% from baseline, or death from renal
causes. Reasons for missing uric acid: analyses were not conducted in participants from
China (n=986) or participants who did not provide additional optional consent for long-term
sample storage for biochemical analysis. Pieng tests for trend across the 3 non-missing
categories.
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Characteristics of participants at baseline by serum uric acid concentration at
randomisation

Table 1

Serum uric acid at randomisation, pmoI/L*

<380 2380 <470 2470 MissingT
N=1753 N=1691 N=1724 N=1441
DEMOGRAPHICS
Age at randomisation (years)
Mean (SD) 67.6 (12.0) 66.1 (12.9) 63.8 (14.2) 56.7 (14.0)
Sex
Male 1160 (66.2) 1124 (66.5) 1175 (68.2) 958 (66.5)
Female 593 (33.8) 567 (33.5) 549 (31.8) 483 (33.5)
Race (all regions)
White 1225 (69.9) 1154 (68.2) 1187 (68.9) 293 (20.3)
Black 66 (3.8) 85 (5.0) 88 (5.1) 23 (1.6)
Asian 437 (24.9) 423 (25.0) 421 (24.4) 1112 (77.2)
Mixed 4(0.2) 7(0.4) 6 (0.3) 4(0.3)
Other 21(1.2) 22 (1.3) 22 (1.3) 9(0.6)
PRIOR DISEASE
Prior diabetes? 867 (49.5) 836 (49.4) 850 (49.3) 487 (33.8)
History of cardiovascular disease$ 519 (29.6) 455 (26.9) 547 (3L.7) 244 (16.9)
History of heart failure 181 (10.3) 173 (10.2) 241 (14.0) 63 (4.4)
History of gout 568 (32.4) 416 (24.6) 456 (26.5) 267 (18.5)
CAUSE OF KIDNEY DISEASE
Diabetic kidney disease 568 (32.4) 556 (32.9) 588 (34.1) 345 (23.9)
Hypertension/renovascular 393 (22.4) 383 (22.6) 430 (24.9) 239 (16.6)
Glomerular 343 (19.6) 345 (20.4) 351 (20.4) 630 (43.7)
Other/unknown 449 (25.6) 407 (24.1) 355 (20.6) 227 (15.8)
CLINICAL MEASUREMENTS
Blood pressure (mmHg)
Mean systolic (SD) 135.4 (18.2) 136.6 (18.0) 136.6 (18.2) 137.7 (18.6)
Mean diastolic (SD) 76.6 (11.3) 77.6 (11.4) 76.8 (12.2) 81.9 (11.6)
Body mass index (kg/m?)
Mean (SD) 29.7 (6.5) 30.2 (6.8) 31.9(7.1) 26.7 (5.4)
LABORATORY MEASUREMENTS
Estimated GFR (mL/min/1.73m?)
Mean (SD) 38.8 (14.7) 36.4 (12.9) 33.4(11.6) 41.3(17.3)
<30 507 (28.9) 599 (35.4) 774 (44.9) 402 (27.9)
>30 <45 812 (46.3) 778 (46.0) 741 (43.0) 597 (41.4)
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Serum uric acid at randomisation, pmoI/L*

<380 2380 <470 2470 Missing "
N=1753 N=1691 N=1724 N=1441
>45 434 (24.8) 314 (18.6) 209 (12.1) 442 (30.7)

Urinary albumin-to-creatinine ratio (mg/g)

Geometric mean (95% CI)

186 (169-204)

189 (171-208)

179 (163-197)

434 (308-474)

Median (Q1-Q3)

261 (35-987)

273 (35-992)

257 (34-944)

572 (201-1383)

<30 407 (23.2) 386 (22.8) 401 (23.3) 134 (9.3)
>30 <300 526 (30.0) 482 (28.5) 511 (29.6) 345 (23.9)
>300 820 (46.8) 823 (48.7) 812 (47.1) 962 (66.8)

NT-proBNP (ng/L)

Geometric mean (95% CI)

184 (173-196)

186 (174-198)

210 (196-225)

105 (98-113)

Median (Q1-Q3)

170 (75-443)

175 (76-427)

195 (80-533)

107 (49-244)

CONCOMITANT MEDICATION USE

(KFRE, %), median (Q1-Q3)

RAS inhibitor 1441 (82.2) 1445 (85.5) 1504 (87.2) 1238 (85.9)
Any diuretic therapy 711 (40.6) 741 (43.8) 1057 (61.3) 306 (21.2)
Loop diuretic 454 (25.9) 457 (27.0) 684 (39.7) 152 (10.5)
Thiazide diuretic 275 (15.7) 296 (17.5) 410 (23.8) 141 (9.8)
Lipid-lowering therapy 1260 (71.9) 1224 (72.4) 1273 (73.8) 621 (43.1)
Any uric acid lowering/gout 974 (55.6) 552 (32.6) 279 (16.2) 545 (37.8)
therapy
Xanthine oxidase inhibitor” 968 (55.2) 543 (32.1) 257 (14.9) 447 (31.0)
Primary uricosuric agent/ 10 (06) 503 5(03) 98 (6.8)
Colchicine 39 (2.2) 30 (1.8) 37(2.1) 5(0.3)
SMOKING & ALCOHOL
Ever smoked tobacco regularly” 859 (49.0) 805 (47.6) 821 (47.6) 464 (32.2)
Ever drunk alcohol regularIyA 834 (47.6) 795 (47.0) 729 (42.3) 316 (21.9)
5-YEAR RISK OF KIDNEY FAILURE | 6.6(2.3-21.0) | 8.4(2.8-27.4) | 12.8(4.8-37.3) | 10.8 (2.6-31.6)

Figures are n (%) or mean (SD) or median (Q1-Q3).

*
To convert uric acid to mg/dL, divide by 59.48 (380 umol/L ~ 6.4 mg/dL; 470 pmol/L ~ 7.9 mg/dL).

Page 20

fReasons for missing uric acid: analyses were not conducted in participants from China (n=986) and long-term sample storage for biochemical

analysis required additional optional consent.

’tDefined as participant-reported history of diabetes of any type, use of glucose-lowering medication or baseline HbAlc 248 mmol/mol at

randomisation visit.

§Defined as participant-reported history of myocardial infarction, heart failure, stroke, transient ischaemic attack, or peripheral arterial disease.

) . .
Allopurinol, febuxostat or topiroxostat.
”Benzbromarone or probenecid.

7.
Defined as for most days for at least 1 year.
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a4 - A . - .
Defined as at least 1 day a week for at least 1 year. Abbreviations: GFR = glomerular filtration rate; ACR = albumin-to-creatinine ratio; RAS =

renin-angiotensin system.

Nephrol Dial Transplant. Author manuscript; available in PMC 2024 September 20.



syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

Mayne et al.

Table 2
Effects of empagliflozin versus placebo on gout

Empagliflozin Placebo
Rate Rate Hazard Ratio (95% CI)
n/N per 1000 n/N per 1000
patient-years patient-years
First occurrence of gout™ | 278/3304 45.7 317/3305 52.3 0.87 (0.74-1.02)
All occurrences of gou[f 404/3304 62.2 465/3305 717 0.86 (0.72-1.03)

Page 22

All analyses use a time-to-first-event approach. Cox proportional hazards models include adjustment for the covariates used in the minimisation

algorithm (categories of age, sex, diabetes, estimated glomerular filtration rate, urinary albumin-to-creatinine ratio and region).

*
Self-reported episode of gout recorded as adverse event (serious or non-serious); previously reported (The EMPA-KIDNEY Collaborative Group.

2023. NEJM).

fFirst and recurrent events analysed using the Andersen-Gill extension of Cox regression. In a post-hoc analysis, excluding participants not already
taking uric acid lowering therapy or colchicine at randomisation, empagliflozin resulted in a 19% reduction in the hazards of the composite of a
first gout event or initiation of uric acid lowering or colchicine therapy (HR 0.81, 95%CI 0.69-0.96; 261 events in the empagliflozin group versus
314 in the placebo group).
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