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Abstract
Background Volume overload is common and associated with high mortality in patients on peritoneal dialysis (PD). Tra-
ditional strategies including diuretics, water/salt restriction, and icodextrin-based solutions cannot always fully correct this 
condition, necessitating novel alternative strategies. Recent studies confirmed the expression of sodium–glucose cotransporter 
2 (SGLT2) in the human peritoneum. Experimental data suggest that SGLT2 inhibitors decrease glucose absorption from 
the PD solution, thereby increasing the ultrafiltration volume. This trial aims to assess whether SGLT2 inhibitors increase 
the ultrafiltration volume in patients on PD.
Methods The EMPOWERED trial (trial registration: jRCTs051230081) is a multicenter, randomized, double-blind, placebo-
controlled, crossover trial. Patients with clinically diagnosed chronic heart failure are eligible regardless of the presence 
of diabetes if they use at least 3 L/day glucose-based PD solutions. Participants will be randomly assigned (1:1) to receive 
empagliflozin 10 mg once daily and then placebo or vice versa. Each treatment period will last 8 weeks with a 4-week 
washout period. This study will recruit at least 36 randomized participants. The primary endpoint is the change in the daily 
ultrafiltration volume from baseline to week 8 in each intervention period. The key secondary endpoints include changes in 
the biomarkers of drained PD solutions, renal residual function, and anemia-related parameters.
Conclusions This trial aims to assess the benefit of SGLT2 inhibitors in fluid management with a novel mechanism of action 
in patients on PD. It will also provide insights into the effects of SGLT2 inhibitors on solute transport across the peritoneal 
membrane and residual renal function.
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Introduction

Peritoneal dialysis (PD) is an established renal replace-
ment therapy, based on the exchange of water and solute 
between capillary blood and dialysate fluid across the peri-
toneal membrane, and 11% of patients undergoing dialysis 
worldwide are on PD [1]. Given the link between volume 
overload and poor outcomes, encompassing both techni-
cal survival and mortality in patients on PD [2], adequate 
ultrafiltration, relying on the osmotic gradient typically 
induced by the hypertonic glucose concentration, is a 
crucial element for successful PD therapy. Ultrafiltration 
and the volume status are closely interrelated, and in fact, 
several studies reported that higher ultrafiltration volume 
was associated with better prognosis in patients on PD [3, 
4]. The glucose gradient peaks at the start of dialysis but 
diminishes as glucose diffuses into blood. In patients with 
greater peritoneal vascularity in particular, it is difficult to 
achieve adequate ultrafiltration because the glucose gradi-
ent diminishes more rapidly [5]. One typical strategy in 
this setting is to use a PD solution with higher glucose 
content to obtain a higher glucose gradient. However, this 
strategy might be ineffective because of enhanced fluid 
intake attributable to hyperglycemia, and it can lead to 
more rapid damage to the peritoneal membrane, resulting 
in the discontinuation of PD therapy [6].

Recent studies confirmed the expression of sodium–glu-
cose cotransporter 2 (SGLT2) in the human peritoneum 
[7–9]. Animal studies demonstrated that SGLT2 inhibi-
tors increased ultrafiltration potentially through the 
maintenance of the glucose gradient upon the inhibition 
of SGLT2 activity in the peritoneum, although conflict-
ing results exist [7, 9, 10]. In addition, SGLT2 inhibitors 
were reported to mitigate peritoneal fibrosis and angio-
genesis, both of which contribute to ultrafiltration failure, 
in a mouse model [8, 11]. Based on this information, we 
hypothesized that SGLT2 inhibitors might increase the 
ultrafiltration volume and improve long-term prognosis in 
patients on PD by correcting volume overload and mitigat-
ing peritoneal tissue damage. Because there is little infor-
mation on the use of SGLT2 inhibitors in patients on PD, 
we decided to first evaluate the effect of SGLT2 inhibitors 
on the ultrafiltration volume in short-term interventions.

Methods

Study design

The EMPOWERED trial is a multicenter, randomized, 
double-blind, placebo-controlled, crossover tr ial 

evaluating the efficacy and safety of once-daily oral 
empagliflozin 10 mg in patients on PD. This trial has 
been registered at the Japan Registry of Clinical Trials 
(jRCTs051230081). The trial was approved by the Osaka 
University Clinical Research Review Committee (approval 
number: S23004), and it is being conducted according to 
the 1964 Declaration of Helsinki and its later amendments 
or comparable ethical standards. This trial will be con-
ducted at four academic and community hospitals in Japan 
(i.e., Osaka University Hospital, National Cerebral and 
Cardiovascular Center, Osaka General Medical Center, 
and Matsuyama Red Cross Hospital). Written, informed 
consent will be obtained from all individual participants 
included in the study. The trial is being managed by the 
Academic Clinical Research Center of Osaka University 
Hospital with the cooperation of intellim Corporation, a 
Contract Research Organization, which is responsible for 
monitoring, data management, and statistical analysis. 
This trial received funds from Nippon Boehringer Ingel-
heim Co., Ltd. and Eli Lilly Japan K.K. under a research 
agreement with Osaka University. Boehringer Ingelheim 
Pharma GmbH & Co. KG is providing drugs for the study. 
This study was collaboratively designed with input from 
both academic members and representatives from Nippon 
Boehringer Ingelheim. Patient enrollment will be started 
in December 2023, and the scheduled completion date is 
October 2024.

Study participants

Enrolled participants must meet all inclusion criteria 
and none of the exclusion criteria listed in Table 1. Key 
inclusion criteria include an age of 18–90 years, PD vin-
tage ≥ 3 months, use of ≥ 3 L/day glucose-based PD solu-
tion, and a diagnosis of and treatment for chronic heart 
failure. The Japanese Ministry of Health, Labor, and Wel-
fare had approved empagliflozin for the treatment of type 2 
diabetes and chronic heart failure at the time of manuscript 
submission. However, because of a lack of efficacy in the 
hypoglycemic effect, empagliflozin is not approved for 
type 2 diabetes in patients on dialysis in Japan. Therefore, 
inclusion criteria for chronic heart failure were established 
to conduct the study under the approved indications in 
Japan. These include elevated N-terminal pro-brain natriu-
retic peptide (NT-proBNP)/brain natriuretic peptide (BNP) 
levels, structural heart disease, elevated left ventricular 
filling pressure, or a history of hospitalization for heart 
failure. The definitions of structural heart disease and 
elevated filling pressure are presented in Supplementary 
Table 1. Key exclusion criteria include treatment with 
SGLT2 inhibitors within 3 months of enrollment, hybrid 
therapy with PD and hemodialysis, and peritonitis within 
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2  months of enrollment. These criteria were selected 
because rapid ultrafiltration by hemodialysis and perito-
nitis can alter peritoneal function.

Randomization

The participants will be randomized to the empagliflozin or 
placebo group at a 1:1 ratio. This allocation will be executed 
utilizing a computer-generated random sequence and will be 
stratified by study sites, using a permuted block randomiza-
tion method. Because the study is double-blinded, patients, 
their families, the study team, and the sponsor will not have 
access to the randomization information until the trial data-
base is locked.

Intervention periods

Figure 1 displays a scheme for this trial. The study includes 
a two-period crossover consisting of 8 weeks of treatment 
and a 4-week washout between treatment periods. Partici-
pants will visit every 4 weeks and continue on trial medica-
tion, namely empagliflozin 10 mg or placebo, once daily, in 
each period. The utilization of SGLT2 inhibitors, excluding 
empagliflozin, is strictly proscribed, and changes in PD pre-
scriptions are fundamentally prohibited. Adherence to the 
study drugs will be monitored by interviewing the patients 
at every visit and counting tablets at the end of each period. 
Table 2 presents the observation and evaluation schedule 
during the study period.

Primary endpoint

The primary endpoint of the study is the change in the daily 
ultrafiltration volume from baseline to week 8 in each inter-
vention period. The ultrafiltration volume from non-glucose-
based PD solution (i.e., icodextrin-containing PD solution) 
will be excluded. The daily ultrafiltration volume will be 
calculated as the mean of all results for 5 of 7 consecutive 
days, after excluding the maximum and minimum values. 
The participants will record data for each session including 
the type of PD solution, dwell time, and instilled/drained 
volume of the PD solution.

Secondary endpoints

Secondary outcomes are changes from baseline to week 
8 in each intervention period as follows: (1) NT-proBNP 

Table 1  Inclusion and exclusion criteria

*NT-proBNP must be used to confirm eligibility for participants receiving ARNIs
BNP brain natriuretic peptide; NT-proBNP N-terminal pro-brain natriuretic peptide; ACEIs angiotensin-converting enzyme inhibitors; ARBs 
angiotensin receptor blockers; ARNIs angiotensin receptor neprilysin inhibitors; MRAs mineralocorticoid receptor antagonists; PD peritoneal 
dialysis; SGLT2 Sodium-Glucose Cotransporter 2

Inclusion criteria Age ≥ 18 and ≤ 90 years
BNP ≥ 40 pg/mL, NT-proBNP ≥ 400 pg/mL, structural heart disease (left atrial enlargement and/or left ventricular hypertro-

phy), elevated filling pressures, or a history of hospitalization for heart failure*
Standard medical therapy for heart failure (at least one of the following: loop diuretics, ACEIs, ARBs, ARNIs, beta-blockers, 

or MRAs)
PD vintage ≥ 3 months
Glucose-based PD solution use ≥ 3 L/day
Voluntarily participate with written informed consent

Exclusion criteria Treatment with SGLT2 inhibitors within 3 months before enrollment
Individuals who are not expected to survive more than 1 year after enrollment
On a hybrid therapy comprising peritoneal dialysis and hemodialysis
Individuals who have or have had peritonitis within the past 2 months
Women who are pregnant or nursing
Active infections
Individuals who participate in clinical studies (trials and research) involving other interventions
Individuals disqualified from participation in the study by the investigator or sub-investigator for any other reasons

Fig. 1  Study scheme. Participants will be randomized to receive 
empagliflozin 10 mg once daily and then placebo or vice versa. Each 
treatment period will last 8 weeks, with a 4-week washout period in 
between. After randomization, patients will visit every 4 weeks dur-
ing the study period
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and BNP levels; (2) the levels of biomarkers related to fre-
quently and short time peritoneal equilibration test (FAST 
PET) [12] (ultrafiltration volume, sodium, potassium, glu-
cose, urea nitrogen, creatinine, uric acid, protein, interleu-
kin-6, cancer antigen 125, and drained solution-to-serum 
creatinine ratio); (3) the levels of biomarkers related to 
24-h urine collection (urine volume, sodium, potassium, 
glucose, urea nitrogen, creatinine, uric acid, urine pro-
tein, and urea and creatinine clearance); (4) the levels of 
anemia-related factors (hemoglobin, hematocrit, ferritin, 
and transferrin saturation); (5) body weight, blood pres-
sure and, body composition (intracellular and extracellular 
fluid volume). Details of FAST PET are shown in Supple-
mentary Table 2. Urine kidney injury molecule 1 (KIM-1) 
levels will be compared at week 8 in each intervention 

period. Adverse events will be also evaluated during the 
study period.

Sample size calculation

Our preliminary data revealed an average increase in the daily 
ultrafiltration volume from the glucose-based PD solution 
of 90 mL/day in five patients on PD who received 10 mg of 
empagliflozin and used at least 3 L/day glucose-based PD 
solution. An increase in the ultrafiltration volume of 90 mL/
day is associated with an 18% reduction in the risk of death 
[4], which appears to be clinically significant. Based on the 
Osaka University cohort of patients on PD, the between-sub-
ject standard deviation (SD) of the change in the ultrafiltra-
tion volume was conservatively estimated at 150 mL (actual 

Table 2  Observation, test, and 
evaluation schedule Period 1

Washout

4 weeks
Period 2

At 
enrollment

At the start 
of the 

treatment
Week 4 Week 8 Week 12 Week 16 Week 20

At 
discon-
tinuation

Visit 0 1 2 3 4 5 6

Day 1 (day 1) 29 57 85 (day 1) 113 141

Acceptable range 
(days)

– ±7 ±14

Date of study 

visit at Week 

8 + 28

(− 7, +14)

Date of study 

visit at Week 

12 + 28

(±7)

Date of study 

visit at Week 

12 + 56

(±14)

Informed consent ●

Enrollment and 
assignment

●

Demographics ●

Comorbidities ●

Concomitant drugs

Study drug 
administration

Ultrafiltration volume ●

NT-proBNP ○* ● ● ● ● ○

BNP ○* ● ● ● ● ● ● ○

Echocardiography ○**

FAST PET ● ● ● ●

24-hour urine 
collection***

● ● ● ●
● ●

Hematology and 
blood biochemistry

● ● ● ●
● ●

○

Body weight and blood 
pressure

● ● ● ●
● ●

○

Body composition ● ● ● ●

Adverse events

NT-proBNP, N-terminal pro-brain natriuretic peptide; BNP brain natriuretic peptide; FAST PET fre-
quently and short time peritoneal equilibration test; KIM-1 kidney injury molecule 1
●, required; ○, if necessary
*Data collected from routine medical practice 182 days before providing informed consent may be used 
for assessment
**Data collected from routine medical practice 365 days before providing informed consent may be used 
for assessment
***Urine KIM-1 is measured only on Visit 3 and Visit 6
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between-subject SD of the cohort was 114 mL), and the ratio 
of the between-subject SD to the within-subject SD was 1:1. 
We calculated that 30 patients completing the study would 
provide 90% power (at α = 0.05, two-sided) to detect a 90 mL 
difference in the ultrafiltration volume between empagliflozin 
and placebo. The sample size was set at 36 subjects to com-
pensate for potential dropouts.

Statistical analysis

Two different analysis sets, namely the full and safety analysis 
sets (FAS and SAS, respectively), will be used in the study. 
The FAS will include all study participants who receive at 
least one dose of the study drug and complete at least one post-
baseline examination or assessment. The SAS will include all 
the study participants who receive at least one dose of the 
study drug. Analyses of the primary and secondary endpoints 
excluding adverse events will be conducted in the FAS. 
Adverse events will be compared between the two groups in 
the SAS. To assess the effects of empagliflozin versus placebo 
on the primary outcome, we will use a mixed-effects model for 
repeated measures (MMRM). The model includes treatment, 
period, and treatment-by-period interaction as fixed effects 
and individual as random effects. An unstructured marginal 
covariance structure will be specified. Secondary endpoints 
for continuous variables will be estimated in the same man-
ner as described for primary endpoints excluding urine KIM-
1. In the case of urinary KIM-1, the analysis using MMRM 
will be conducted with the absolute value at the end of each 
period as the dependent variable. Skewed data will be log-
transformed before analyses. A list of adverse events will 
be summarized by tables for each treatment. For sensitivity 
analyses, we will employ a similar analysis by excluding the 
data with catheter dysfunction (i.e., drainage volume < 80% 
of the instilled volume or taking ≥ 20 min to instill the PD 
solution). A subgroup analysis will be performed using the 
following factors: age (< 65 years/ ≥ 65 years), sex, presence or 
absence of diabetes, use of icodextrin-containing PD solution, 
24-h urine volume (< 200 mL/ ≥ 200 mL), the glucose load 
from the peritoneal dialysate (concentration × volume per day, 
median), the glucose concentration of the drained PD solution 
on FAST PET (median), and the drained PD solution-to-serum 
creatinine ratio (median) on FAST PET. Missing data will not 
be imputed. Statistical analyses will be performed using SAS 
software (SAS Institute, Cary, NC, USA). Interim analysis will 
not be conducted.

Discussion

A large amount of evidence supports the use of SGLT2 
inhibitors in individuals with heart failure or chronic kid-
ney disease (CKD) [13, 14]. However, few studies have 

examined treatment with SGLT2 inhibitors in patients with 
advanced CKD, especially those requiring dialysis. Because 
SGLT2 is expressed somewhat specifically in renal tubules 
[15], it is theoretically possible that the effectiveness of 
SGLT2 inhibitors could diminish as renal function wors-
ens. On the contrary, emerging data indicate that the car-
diovascular and kidney benefits of SGLT2 inhibitors do not 
wane even as the estimated glomerular filtration rate (eGFR) 
declines at least in patients with eGFR ≥ 20 mL/min/1.73  m2 
[16, 17]. Furthermore, in the DAPA-CKD study (trial reg-
istration: NCT03036150), in which patients continued tak-
ing the study drug after starting renal replacement therapy, 
dapagliflozin achieved a 21% relative risk reduction in mor-
tality within the subset of patients who commenced dialysis 
therapy (unpublished data described in the rationale for the 
RENAL LIFECYCLE Trial [18]). These observations raise 
the possibility that SGLT2 inhibitors can exert their organ-
protective effects through mechanisms distinct from merely 
blocking SGLT2 in renal tubules.

The current trial was prompted by a report in 2019 that 
SGLT2 is expressed in the human peritoneum [7]. If SGLT2 
plays a role in glucose absorption from the PD solution, 
SGLT2 inhibitors might enhance the ultrafiltration volume 
by preserving the glucose gradient across the peritoneum 
membrane. Although animal studies have yielded inconsist-
ent results [7, 9, 10], recent human case series reported the 
positive effects of SGLT2 inhibitors on the ultrafiltration 
volume [19, 20]. Therefore, we planned to conduct a clinical 
trial evaluating the impact of SGLT2 inhibitors on the ultra-
filtration volume. To the best of our knowledge, only two 
other small randomized, controlled trials (RCT) are currently 
investigating the effects of SGLT2 inhibitors in patients on 
PD. One of these trials is an open-label RCT involving 36 
patients with type 2 diabetes on PD assessing BNP as the 
primary endpoint (trial registration: jRCT1011210022). The 
other trial is a double-blind, placebo-controlled, crossover 
RCT with 30 patients on PD, and the primary endpoint is 
glucose absorption from the PD solution (trial registration: 
NCT05671991). Notably, our trial is particularly unique in 
that the primary endpoint is the daily ultrafiltration volume, 
which is an important indicator for patients on PD [3, 4], 
and the impact on residual renal function will be evaluated. 
These ongoing RCTs are expected to furnish robust evi-
dence regarding the efficacy and safety of SGLT2 inhibitors 
in patients on PD.

Conclusion

The EMPOWERED trial will evaluate the efficacy and safety 
of empagliflozin in patients on PD. The results of this study 
could reveal the beneficial effect of SGLT2 inhibitors for 
fluid management in this specific population.
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Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10157- 024- 02467-w.
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