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Introduction: Although dapagliflozin, a sodium-glucose cotransporter 2 (SGLT2) inhibitor, delays the
progression of chronic kidney disease (CKD), its effect on patients with autosomal dominant polycystic
kidney disease (ADPKD) has not been established. We conducted an open-label, randomized controlled
crossover trial to evaluate the additive effects of dapagliflozin in patients with ADPKD receiving tolvaptan.

Methods: A total of 27 patients were randomly counterbalanced to receive dapagliflozin 10 mg or usual
care without dapagliflozin for 6 months. The primary endpoint was the slope of the estimated glomerular
filtration rate (eGFR) determined by linear regression from 1 to 6 months, and the secondary endpoints
included changes in total kidney volume (TKV). eGFR was calculated based on creatinine levels (eGFR,),
cystatin C levels (eGFRys), and the mean of eGFR,, and eGFR.ys (eGFR¢.qys).

Results: There were significant attenuations in the eGFR,,.c,s and eGFR.,s slopes during the dapagliflozin
trial compared with the one without dapagliflozin (2.57 + 7.88 vs. —5.65 + 9.57 ml/min per 1.73 m? per year,
P =0.002; 3.91 & 11.40 vs. —8.43 + 13.44 ml/min per 1.73 m? per year, P= 0.003, respectively). Meanwhile,
the eGFR¢, slope was potentially moderate during the trial with dapagliflozin (1.03 & 10.78 vs. —3.66 + 8.88
ml/min per 1.73 m? per year, P= 0.06). The 6-month change in TKV was significantly attenuated during the
trial with dapagliflozin compared with the one without dapagliflozin (—0.44 4+ 4.91% vs. 5.04 + 8.09%,
P = 0.01).

Conclusion: In patients with ADPKD treated with tolvaptan, dapagliflozin may have an additive effect in
slowing ADPKD progression.
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DPKD, a common genetic kidney disorder, often receptor antagonist, tolvaptan, has been found to delay
leads to kidney failure." The vasopressin V2 the increase in TKV and decline the kidney function
compared with placebo in patients with ADPKD via a
randomized controlled trial (RCT), and tolvaptan is the
Correspondence: Kiyotaka Uchiyama, Department of Nephrology only contemporary, widely used, and effective specific
International University of Health and Welfare Narita Hospital treatment for patients with ADPKD.>’ Tolvaptan
N_arlta, 85? Hatakeda, Narita, Chiba, Japan. E-mail: kiyo.0817. became available for patients with progressive ADPKD
piyo@gmail.com

who have a TKV > 750 ml and an annual TKV growth

Received 13 September 2024; revised 12 January 2025; accepted
13 January 2025; published online 18 January 2025 > 5% in Japan in 2014.

Kidney International Reports (2025) 10, 1063-1075 1063


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://doi.org/10.1016/j.ekir.2025.01.023
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kiyo.0817.piyo@gmail.com
mailto:kiyo.0817.piyo@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ekir.2025.01.023&domain=pdf

CLINICAL RESEARCH

Recently, the SGLT2 inhibitors dapagliflozin and
empagliflozin have been shown to improve composite
outcomes that include kidney disease progression (a
sustained reduction in the eGFR of = 40%—50% from
baseline) and kidney failure with or without kidney
replacement therapy, and have also shown reduction in
the annual change in eGFR compared with placebo in
nondiabetic patients with CKD and in diabetic patients
in large-scale RCTs.”” However, patients with ADPKD
were excluded from both trials; thus, the impact of
SGLT2 inhibitors on these patients is yet to be deter-
mined. Although SGLT2 inhibitors may inhibit ADPKD
progression and other etiologies of CKD, SGLT2 in-
hibitors increase plasma levels of vasopressin or its
surrogate marker, copeptin, a key molecule that pro-
motes disease progression in patients with ADPKD.’
From this perspective, these elevations would not be
an issue as far as tolvaptan antagonizes the vasopressin
V2 receptor. Conversely, another report suggested that
in patients with ADPKD receiving tolvaptan treatment,
the copeptin level was directly proportional to the
treatment effect, as measured by the TKV growth rate
and eGFR.’

Designing a trial on SGLT2 inhibitors alone is ethi-
cally undesirable because of the high risk of exacer-
bating ADPKD. Tolvaptan is the only established
effective treatment option for ADPKD. Thus, we could
not prioritize any drug, including SGLT2 inhibitors
over tolvaptan for patients with ADPKD. Conse-
quently, an open-label, randomized, controlled cross-
over trial of patients with ADPKD who received
tolvaptan was designed to validate the additive effect
of dapagliflozin, the first SGLT2 inhibitor to be covered
by insurance for patients with CKD in Japan, on kidney
function decline. The additive effects of dapagliflozin
on TKV growth, plasma vasopressin levels, and other
anthropometric and serum parameters, which are
considered secondary outcomes, were evaluated.

METHODS

Study Population

Outpatients with ADPKD at the nephrology de-
partments of the Japanese Red Cross Medical Center,
Keio University Hospital, International University of
Health and Welfare Narita Hospital, International
University of Health and Welfare Hospital, and Inter-
national University of Health and Welfare Atami Hos-
pital were included in this RCT from December 2021 to
March 2024. The criteria for trial eligibility included
stable patients aged > 20 years diagnosed with ADPKD
based on the Japan-specific diagnostic criteria proposed
by the Ministry of Health, Labour and Welfare (https://
jsn.or.jp/academicinfo/report/evidence_PKD_
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guideline2020.pdf) and receiving high-dose tolvaptan
(> 60 mg/d) for > 3 months, with an eGFR > 25 ml/min
per 1.73 m>* The participants met the following
criteria on the use of tolvaptan: a TKV > 750 ml and an
annual TKV growth > 5%. We excluded patients with
diabetes and those with contraindications to SGLT2
inhibitor use (such as hypersensitivity, severe ketosis,
or severe infections). Patients already taking dapagli-
flozin or other SGLT2 inhibitors were also excluded.

Study Design and Randomization
The study protocol was reviewed and approved by the
Ethics Committee of Keio University Hospital (approval
number: 20211065) and the protocol adhered to the
principles of the Declaration of Helsinki. This study
was registered in a public trial registry (UMIN-CTR
number: UMIN000046275; 6/12/2021). All study par-
ticipants provided written informed consent.
Although several large clinical trials have reported
the relative safety of dapagliflozin in patients with
diabetes and CKD, its safety in patients with ADPKD
has not yet been confirmed. Therefore, an open-label
study was preferred because it would allow physi-
cians to use SGLT2 inhibitors cautiously, monitor
adverse determine their causality, and
promptly address adverse events if they occur. In
addition, the study initially included only a small

events,

number of participants. To decrease the calculated
sample size, a crossover study rather than a parallel
study was performed. Furthermore, the follow-up
period was kept short, to minimize potential harm to
the participants.

At baseline, data including age; sex; family history
of ADPKD; presence or absence of hypertension; use of
renin-angiotensin  aldosterone system inhibitors;
ADPKD complications such as hypertension, liver
cysts, brain aneurysm, and valvular disease; dose of
tolvaptan (mg); and duration of tolvaptan administra-
tion (years) were obtained from medical records. Pa-
tients” height (cm) and weight (kg) were measured, and
the body mass index (kg/m?) was calculated. Office
blood pressure (BP) was assessed in the sitting position
using an automated BP device. After baseline assess-
ment, a neutral person randomly assigned patients to
the 2 groups using minimization with the MinimPy (an
open-source minimization program in Python pro-
gramming language), as previously described.”

The participants received dapagliflozin 10 mg or the
usual treatment without dapagliflozin for 6 months in a
counterbalanced fashion (the same patients received
both treatments in random order) as per the open-label
crossover design (Figure 1). The dapagliflozin dose was
maintained and adherence to dapagliflozin was assessed
by checking the empty dapagliflozin blister pack at

Kidney International Reports (2025) 10, 1063-1075


https://jsn.or.jp/academicinfo/report/evidence_PKD_guideline2020.pdf
https://jsn.or.jp/academicinfo/report/evidence_PKD_guideline2020.pdf
https://jsn.or.jp/academicinfo/report/evidence_PKD_guideline2020.pdf

K Uchiyama et al.: Dapagliflozin in ADPKD Patients Receiving Tolvaptan

Period 1

Group 1
n=15

With dapagliflozin

CLINICAL RESEARCH

Period 2

With dapagliflozin

(intervention)

(intervention)

Without dapagliflozin Without dapagliflozin
(control) (control)
I I I I T T T T I | T
0 1 2 3 4 =] 6 No washout period 6 7 8 9 10 11 12

Figure 1. Crossover flow chart of the trial process.

each outpatient visit. An intertrial washout period was
not set. Patients visited the hospital every 1 to 2
months, including the first visit (0-month), the 1-
month, and the 6-month final visit for each 6-month-
long trial (treatment without [DAPA— trial] or with
[DAPA+ trial] dapagliflozin). The anthropometric
profiles and blood test results were recorded at each
visit. In addition, the participants were instructed to
collect their 24-hour urine samples and underwent
abdominal computed tomography or magnetic reso-
nance imaging for TKV evaluation at 0 and 6 months of
each trial (i.e., 0, 6, and 12 months of the entire trial
period). Each patient consistently underwent either a
computed tomography scan or magnetic resonance
imaging for each of their measurements because the
difference in the imaging techniques (computed to-
mography scan vs. magnetic resonance imaging) can
introduce errors in TKV measurement. The tolvaptan
dose was maintained by the treating nephrologists
throughout the study period because it may have
affected ADPKD progression. However, unlike for
dapagliflozin, adherence to tolvaptan was not moni-
tored. Prescriptions for other medications (including
antihypertensive drugs) could be adjusted by the
treating nephrologists.

Outcome Measures
The primary study endpoint was the rate of kidney
function decline, which was assessed based on the rate
of change in eGFR as calculated using a linear regres-
sion model. Given the initial decrease in eGFR observed
with dapagliflozin administration and the absence of a
washout period, the eGFR slope was calculated using
eGFR values from 1 to 6 months in each trial rather
than from baseline. eGFR was calculated in 3 ways
using the 3-variable Japanese equations: eGFR.,,
€GFR.ys, and eGFR( .y, Of which eGFR. .y was the
most accurate estimate of kidney function.”"
Secondary study outcomes included changes in TKV
(%) and body weight (kg) from O to 6 months during
each trial. The TKV (cm’) was calculated using either
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Time (months)

the ellipsoid volume equation or the stereology method
from computed tomography or magnetic resonance
imaging by third-party individuals.'' Additional sec-
ondary endpoints included each trial’s 6-month plasma
vasopressin level (pg/ml) measured via radioimmuno-
assay using the AVP kit (Yamasa, Tokyo, Japan); office
BP (mmHg); urine volume (ml), urine osmolarity
(mOsm), and urine albumin (mg/d) assessed from 24-
hour urine samples; and the liver-type fatty acid-
binding protein levels (llg/gCr) evaluated using spot
urine samples.

Exploratory variables included serum parameters
that dapagliflozin use could affect, including hemo-
globin (g/dl), hematocrit (%), fasting blood sugar (mg/
dl), hemoglobin Alc (%), and uric acid (mg/dl). Other
exploratory parameters included 6-month serum total
protein (g/dl); albumin (g/dl); sodium (mEq/l); potas-
sium (mEq/l); and lipid profiles, including serum total
cholesterol (mg/dl), high-density lipoprotein choles-
terol (mg/dl), low-density lipoprotein cholesterol (mg/
dl), and triglyceride (mg/dl) levels.

Safety outcomes were systematically examined. In
Supplementary Table S1, we show some prespecified
and serious adverse events.

Statistical Analysis

The normality of continuous data distribution was
assessed using the Shapiro-Wilk test. Normally
distributed and skewed variables were presented as
mean £ SD and median (interquartile range), respec-
tively. Categorical variables were expressed as fre-
quencies and percentages. Longitudinal changes in
eGFR values were described using linear mix models
including group (1 or 2), period (0—12 months), 0-
month eGFR, and an interaction term; group X
period was defined as a fixed effect, and the patient
number was defined as a random effect.

The paired ¢-test or Wilcoxon signed-rank test was
performed to compare continuous variables between
the 2 trials, whereas the unpaired ¢-test or Mann—
Whitney U test was wused for within-group
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comparisons between 2 sets of data divided by the
sequence of dapagliflozin treatment, depending on the
distribution of the parameters.

Linear mixed models were used to assess the impact
of dapagliflozin on eGFR over time for sensitivity
analysis. The model included fixed effects, such as the
trial (with or without dapagliflozin), the period (1-6
months), and the 1-month eGFR, as well as an inter-
action term, period X trial, to assess the effect of
dapagliflozin (model A). The patient number was a
random effect. A separate model in which the period
(1-6 months) and the 1-month eGFR were replaced
with the period (0-6 months) and O-month eGFR,
respectively, was also analyzed (model B). Interim an-
alyses were not performed.

Because this was a crossover trial, linear mixed
models were used to analyze the carryover and order
effects on the primary outcome, eGFR slope, and TKV
change. Adjustments were performed for the group (1
or 2), trial (first or second), and treatment (with or
without dapagliflozin) as fixed effects and for patient
number as a random effect.'”'’ The effects of the
group, trial, and treatment were regarded as carryover,
order, and treatment effects, respectively.

Although there have been no trials evaluating the
impact of SGLT2 inhibitors on eGFR in patients with
ADPKD, based on the results of a previous trial that
demonstrated the effect of dapagliflozin on the eGFR
slope after the first 2 weeks (initial dip) or the
“chronic” eGFR slope in patients with CKD,"* we
calculated that 25 patients were required to detect a
1.92 ml/min per 1.73 m’ per year improvement in the
chronic eGFR slope with an SD of 5.10 ml/min per 1.73
m’ per year in trials with and without dapagliflozin
and an intertrial correlation coefficient of 0.8 (paired ¢-
test; B = 0.20; o = 0.05).4'15 Given a 20% estimated
attrition rate, the calculated sample size was 30. SPSS
software for Mac (ver. 27; IBM Corp., Armonk, NY)
was used for all the statistical analyses. The threshold
for statistical significance was set at P < 0.05.

RESULTS

Baseline Characteristics

Among the 50 patients with ADPKD who received
tolvaptan for > 3 months and underwent the eligibility
assessment, 42 met the inclusion criteria, and 30 con-
sented to participate in the study (Figure 2). We ran-
domized 30 participants in a crossover design to receive
dapagliflozin first (group 1, n = 15) or continue usual
care without an SGLT2 inhibitor (group 2, n = 15).
However, 2 patients in group 1 and 1 patient in group 2
were lost to follow-up because of hospital transfer
during their first trial period, making intertrial
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comparisons not feasible; consequently, 27 patients (13
and 14 patients in groups 1 and 2, respectively) were
analyzed. Among these, 1 patient each from groups 1
and 2 refused to collect 24-hour urine samples; there-
fore, the parameters assessed from 24-hour urine sam-
ples were obtained from 25 patients (12 and 13 patients
in groups 1 and 2, respectively). The median rate of
treatment adherence (to dapagliflozin) was 100%.

The baseline features of all participants are outlined
in Tables 1 and 2. They did not differ significantly
between the 2 groups, whereas TKV and height-
adjusted TKV (ml/m) tended to be higher in group 1
than in group 2 (1414 [993-2369] vs. 1012 [914-1126],
P = 0.08 and 822 [575-1381] vs. 624 [516—675], P =
0.07, respectively).

Effect of Dapagliflozin on eGFR Change: The
Primary Outcome

The longitudinal changes in eGFR values are shown in
Figure 3. The slopes of €GFR.-cys and eGFR.,s were
significantly more moderate during the DAPA+ trial
than those during the DAPA— trial (2.57 & 7.88
vs. —5.65 = 9.57 ml/min per 1.73 m’ per year, P =
0.002; 3.91 &£ 11.40 vs. —8.43 & 13.44 ml/min per 1.73
m? per year, P = 0.003, respectively); the eGFR., slope
tended to be more moderate during the DAPA+ trial
than during the DAPA— trial (1.03 4 10.78 vs. —3.66
=+ 8.88 ml/min per 1.73 m? per year, P = 0.06; Table 3).

The carryover effect was negligible for eGFR ;~cys,
eGFR ys, and eGFR,, slopes (P = 0.17, 0.53, and 0.09,
respectively). In addition, the order effect was absent
for all slopes (P = 0.59, 0.64, and 0.30, respectively).
The treatment effect persisted after these adjustments
for all slopes (P = 0.002, 0.004, and 0.06, respectively).

The linear mixed model A confirmed that the eGFRycys
and eGFR_y, with the estimated marginal mean during
the DAPA+ trial were significantly higher than those
during the DAPA— trial after 4 months (63.5 = 0.9 vs.
59.5 &£ 0.8 ml/min per 1.73 m?, P =0.003; 75.3 + 1.4
vs. 69.2 & 1.3 ml/min per 1.73 m? P = 0.003,
respectively) and 6 months (62.5 & 0.8 vs. 58.7 &= 0.8
ml/min per 1.73 m’, P = 0.003; 73.7 £ 1.2 vs. 67.5 &
1.2 ml/min per 1.73 mz, P = 0.002, respectively;
Figure 4a and b). In addition, after 5 months, eGFR, cys
was significantly higher and eGFR,, tended to be higher
during the DAPA+ trial than during the DAPA— trial
(62.3 4= 0.9 vs. 59.5 &= 0.9 ml/min per 1.73 m’, P < 0.05;
52.4 + 0.7 vs. 50.3 & 0.8 ml/min per 1.73 m’, P = 0.09,
respectively; Figure 4a and c).

In contrast, the linear mixed model B with 0-month
as the baseline confirmed that the eGFR acutely
declined after 1 month during the DAPA+ trial (initial
dip), whereas it slightly increased during the DAPA—
trial because of recovery from the initial dip in patients

Kidney International Reports (2025) 10, 1063-1075
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n=>50

Assessed for eligibility

Excluded (Total = 8)

n=42

Fulfilling the inclusion criteria

With diabetes mellitus n=3
eGFR of less than 25 mL/min/1.73m?> n=5
Declined to participate n=12

Randomized (n = 30)

v

Allocated to group 1 (n=15)

Analyzed (n=13)
Excluded from analysis (Total = 2)

Lost to follow up (n=2) Actotal of 1 year Lost to follow up (n=1)
Discontinued intervention (n = 0) intervention Discontinued intervention (n = 0)

\’

Allocated to group 2 (n=15)

Analyzed (n = 14)
Excluded from analysis (Total = 1)

Figure 2. CONSORT flow diagram of patients through the various phases of the clinical trial.

in group 1 (Figure 5). Therefore, the eGFR was persis-
tently and significantly lower from 1 to 6 months
during the DAPA+ trial than during the DAPA— trial.

Effect of Dapagliflozin on Secondary Outcomes
The 6-month change in TKV was significantly attenu-
ated during the DAPA+ trial compared with that
during the DAPA— trial (—0.44 £ 4.91 vs. 5.04% =+
8.09%, P = 0.01; Table 4). Carryover and order effects
were negligible for the TKV change (P = 0.39 and 0.27,
respectively), and the treatment effect persisted after
this adjustment (P = 0.02). The body weight change
was significantly smaller during the DAPA+ trial than
during the DAPA— trial (—0.69 & 1.42 vs. 0.56 & 1.49
kg, P = 0.01).

Among other secondary endpoints, the 6-month
plasma vasopressin level was significantly higher dur-
ing the DAPA+ trial than during the DAPA— trial
(4.52 £ 2.02 vs. 3.58 &= 1.72 pg/ml, P = 0.002). Urinary
osmolarity tended to be higher during the DAPA+- trial
than during the DAPA— trial (184.4 4= 51.1 vs. 165.3 &
47.9 mOsm, P = 0.05), whereas urinary volume did not
differ significantly between the 2 trials (4472 * 1389
vs. 4328 &£ 1299 ml, P = 0.51). Whereas the systolic BP

Kidney International Reports (2025) 10, 1063-1075

at 6 months was significantly lower (123.0 £ 13.1 vs.
128.4 £ 10.1 mmHg, P = 0.04) and pulse pressure
tended to be lower (41.1 & 9.2 vs. 44.3 & 8.6 mmHg,
P = 0.08) during the DAPA+ trial than during the
DAPA — trial, the diastolic and mean BPs did not differ
significantly between the trials, nor did urine albumin
and liver-type fatty acid-binding protein.

Effect of Dapagliflozin on Exploratory Outcomes
Among serum parameters that may have been
affected by dapagliflozin use, hemoglobin and he-
matocrit were significantly higher during the
DAPA+ trial than during the DAPA— trial (14.1 &
1.5 vs. 13.4 +£ 1.3 g/dl, P < 0.001; 43.2% + 3.6%
vs. 40.4% =+ 3.6%, P < 0.001, respectively; Table 5).
Although fasting blood sugar tended to be lower
during the DAPA+ trial than during the DAPA—
trial (101.1 + 17.5 vs. 110.2 £+ 37.1 mg/dl, P = 0.07),
hemoglobin Alc tended to be higher during the
DAPA+ trial (5.64% + 0.33% vs. 5.57% = 0.39%,
P = 0.07), probably because of the increase in he-
moglobin levels during the trial. The uric acid
level was significantly lower during the DAPA+
trial than during the DAPA— trial (5.09 &= 1.29 vs.
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Table 1. Demographic and clinical characteristics of the study groups

K Uchiyama et al.: Dapagliflozin in ADPKD Patients Receiving Tolvaptan

Variables All (n = 27)
Age (yn) 49.7 £ 12.1
Male/female (% male) 1413 (62%)
Family history of ADPKD 4 (15%)
Hypertension (%) 22 (81%)
Use of RAS inhibitors (%) 18 (67%)
Tolvaptan (mg) 102.8 + 24.2
Duration of folvaptan freatment (years) 2.3 (0.5-6.2)
BMI (kg/m?) 233429
Systolic BP (mmHg) 132.7 £ 125
Diastolic BP (mmHg) 842 +79
Mean BP (mmHg) 100.4 + 8.5
Complications of ADPKD

Liver cyst 23 (85%)
Brain aneurysm 2 (7%)
Valvular disease 7 (26%)
Mayo imaging classification, n (%)

1B 7 (26%)
1C 15 (56%)
1D 4 (15%)
1E 1 (4%)

Group 1 (n = 13)° Group 2 (n = 14)° P-value
492 + 13.3 50.2 + 11.4 0.84
5/8 (38%) 9/5 (64%) 0.26

2 (15%) 2 (14%) 0.79
11 (85%) 11 (79%) 1
10 (77%) 8 (57%) 0.42
95.2 + 25.9 109.8 + 21.1 0.12
3.0 (0.3-6.1) 2.1 (1.2-5.8) 0.66
24.0 £ 3.2 227+ 25 0.25
131.8 + 9.8 1334 + 14.7 0.77
84.7 £ 6.3 83.8 £ 9.2 0.77
1004 + 6.3 100.3 + 10.3 0.97
10 (77%) 13 (93%) 0.33

1(8%) 1.(7%) 1

5 (38%) 2 (14%) 0.18

0.36

2 (15%) 5 (36%)

7 (54%) 8 (57%)

3 (23%) 1.(7%)

1(8%) 0 (0%)

ADPKD, autosomal dominant polycystic kidney disease; BMI, body mass index; BP, blood pressure; CCVD, cerebrovascular/cardiovascular disease; RAS, renin—angiotensin aldosterone

system.
2Dapagliflozin treatment was initiated in group 1.
®Group 2 was initiated on treatment without dapagliflozin.

584 £ 1.19 mg/dl, P < 0.001). Among other
exploratory parameters, serum total protein was
significantly higher during the DAPA+ trial than
during the DAPA— trial (7.22 & 0.41 vs. 7.38 4= 0.42
g/dl, P = 0.02), whereas the other parameters did not
differ significantly between the 2 trials.

Table 2. Biochemical and imaging data of the study groups

Effect of Dapagliflozin on Safety Outcomes

These safety outcomes included 2 and 1 episodes of
COVID-19 infection in the DAPA+ and DAPA— trials,
respectively, and 1 episode of kidney cyst infection
requiring hospitalization in the DAPA+ trial. Howev-
er, pyuria was not observed during the infection, and a

Variables All patients (n = 27)

Kidney function

€GFRer.cys (MI/Min per 1.73 m?) 61.4 + 253
€GFR, (ml/min per 1.73 m?) 53.8 +21.2
6GFRe,s (Mi/min per 1.73 m?) 68.9 + 30.2
Serum biochemical analyses

AST level (IU/L) 216 £7.2
ALT level (IUL) 202 +£174
ALP level (UL) 63.7 + 23.1
Y-GTP level (IU/L) 40.9 + 29.3
Sodium level (mEg/l) 140.8 + 2.1
Potassium level (mEg/l) 4.18 £+ 0.37
Albumin level (g/1) 4.29 + 0.29
Fasting blood glucose level (mg/dl) 958 +£11.9
LDL cholesterol level (mg/dl) 119.8 + 31.0
HDL cholesterol level (mg/dl) 65.1 £ 19.1
Triglyceride level (mg/dl) 1349 + 99.8
Hemoglobin level (g/dl) 136+ 14
Hematocrit level (%) 411 +£356
Uric acid level (mg/dI) 6.19 + 1.37

TKV (mi)
hiTKV (mi/m)

1400 (935-1480)
838 (550-905)

Group 1 (1 = 13)° Group 2 (n = 14)° P-value
59.7 + 24.3 62.9 + 27.0 0.76
53.1 + 22.9 54.5 + 20.4 0.87
66.4 + 26.6 71.3 £ 34.0 0.68
225+55 30.8 £ 5.2 0.40
217 £11.7 16.8 + 7.0 0.19
60.1 £ 16.3 67.1 + 28.2 0.44
405 + 33.9 414 + 256 0.94

1406 + 1.5 141.0 + 2.6 0.64
413 +£ 029 423 + 043 0.50
4.24 + 030 434 +0.28 0.39
97.1 £ 14.3 94.6 + 9.4 0.59

1304 + 27.3 1100+ 3138 0.09
65.2 + 15.7 65.1 + 22.5 0.98

107.1 + 369 160.7 + 131.0 0.17
138+ 15 134 +13 0.39
420+ 37 40.2 + 3.2 0.18
6.32 + 0.84 6.38 + 1.98 0.95

1414 (993-2369) 1012 (914-1126) 0.08

822 (575-1381) 624 (516-675) 0.07

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; Cr, creatinine; Cys, cystatin C; eGFR, estimated glomerular filtration rate; HDL, high-density
lipoprotein; htTKV, height-adjusted total kidney volume; LDL, low-density lipoprotein; TKV, total kidney volume; y-GTP, y-glutamyl transpeptidase.

2Group 1 was initially treated with dapagliflozin.
°Group 2 was initially managed without dapaglifiozin.
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Figure 3. Mean change in the values of (a) eGFR.ys, (b) eGFR;ys, and (c) eGFR,, during the whole study period in groups 1 and 2 from 0 to 12
months using linear mixed models. The model included fixed effects such as group (1 or 2), period (0~12 months), and 0-month eGFR, as well as
an interaction term (period x group). Cr, creatinine; Cys, cystatin C; DAPA, dapagliflozin; eGFR, estimated glomerular filtration rate.

hematogenous route of infection was suspected. Thus, Although episodes of hypoglycemia were not sys-
the causality between DAPA use and kidney cyst tematically corrected, none of the patients developed
infection was considered less likely by the treating hypoglycemia (blood glucose level < 70 mg/dl) during
physician. routine blood sampling. A retrospective chart review
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Table 3. Effect of dapagliflozin on eGFR slopes
Variables

Dapaglifiozin+  Dapaglifioezin—  P-value

€GFRer.cys Slope 257 +7.88  —5.65 + 9.57 0.002

(ml/min per 1.73 m? per yr)
eGFR; slope

(mi/min per 1.73 m? per yr)
6GFR¢ys Slope

(ml/min per 1.73 m? per yr)

1.03+£1078 -366+888 0.06

391 +£11.40 -843+13.44 0.003

Cr, creatinine; Cys, cystatin C; eGFR, estimated glomerular filtration rate.

These eGFR slopes were calculated by a linear regression model using eGFR values
from 1 to 6 months of each trial, considering the initial decrease in eGFR observed with
dapagliflozin administration.

revealed that renal cyst hemorrhage and subarachnoid
hemorrhage were not recorded during the study
period. Other events leading to hospitalization were
also not recorded. In addition, 1 participant developed
herpes simplex in the DAPA+ trial, 1 developed
cystitis, and another developed epididymitis in the
DAPA trial.

DISCUSSION

Although the underlying mechanism of SGLT2
inhibitor—associated renoprotection is still unknown,
part of this effect has been attributed to a reduction in
intraglomerular pressure because of glucose-induced
osmotic diuresis and natriuresis associated with so-
dium delivery to the macula densa, resulting in afferent
arteriolar constriction.'® Clinically, SGLT2 inhibitors’
renoprotective effect independent of diabetes has been
reported primarily in patients whose urinary albumin-
to-creatinine ratio is 200 to 5000," whereas their impact
on reducing the long-term eGFR slope has also been
identified in patients with a urinary albumin-to-
creatinine ratio < 30,’ suggesting that there could be
underlying mechanisms other than SGLT2 inhibitor—
associated glomerular hyperfiltration attenuation.

In ADPKD, metabolic changes such as the switch to
aerobic glycolysis and defective [-oxidation (the
Warburg effect) have been implicated, resulting in
decreased adenosine monophosphate-activated protein
kinase activity and increased the mammalian target of
rapamycin activity, in which hyperglycemia may
promote cystogenesis and cyst growth.'” Patients with
ADPKD and type 2 diabetes have larger kidneys than
those with ADPKD alone,'® and obesity has been
identified as an independent predictor of increased
TKV growth and greater eGFR decline in the Halt
Progression of Polycystic Kidney Disease Study A.'” In
addition, our analysis of the Japanese Polycystic Kid-
ney Disease Registry revealed that a higher fasting
blood sugar level was an independent predictor of a
greater TKV change.11 In these perspectives, ketosis-
inducing interventions, including caloric restriction,
intermittent fasting, and classic ketogenic diet
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consumption, may increase adenosine monophosphate-
activated protein activity and decrease
mammalian target of rapamycin activity, leading to
reduced cyst growth and kidney function amelioration
in preclinical models.””** Similarly, SGLT2 inhibitors
induce ketosis and reductions in body weight and
blood glucose levels, and these are likely to act syn-
ergistically to attenuate ADPKD progression.”’

However, studies of SGLT2 inhibitors in animal
models of ADPKD have yielded conflicting results.
Although phlorizin, a competitive inhibitor of SGLT1
and SGLT2, hindered cyst epithelial proliferation in
Han: Sprague—Dawley rats, dapagliflozin did not have
such an effect.””” In another study, dapagliflozin even
worsened cyst volume growth and albuminuria in PCK
rats.”® In addition to the fact that neither model is
based on PKDI1 or PKD2 mutations, the vasopressin-
stimulating effects of the SGLT2 inhibitors of concern
may have led to the inconsistency of these findings.’
Clinically, a single-arm retrospective study conducted
in Japan revealed that dapagliflozin use was associated
with a short-term decrease in eGFR and an increase in
TKV in patients with ADPKD with or without tol-
vaptan.”’ Another single-arm observational study
conducted in Japan suggested that dapagliflozin could
be renoprotective while increasing the TKV.”
Although they were both single-arm studies with
small sample sizes and no control group, they still
could not conclude a good or bad effect of dapagliflozin
in patients with ADPKD. In contrast, the case of a
patient with ADPKD receiving tolvaptan (at a
maximum dose of 120 mg) in whom there was an
additional renoprotective effect of dapagliflozin was
described in a Japanese case report.”’

In this regard, dapagliflozin was only administered
in patients with ADPKD on tolvaptan (a V2 receptor
antagonist), which may minimize the impact of vaso-
pressin stimulation in this trial. Furthermore, the effect
of dapagliflozin on patients was evaluated in an RCT
(the most plausible design) in which the period without
dapagliflozin was the control. Consequently, our trial
indicated a possible beneficial effect of dapagliflozin on
the eGFR slope and TKV change in patients with
ADPKD receiving tolvaptan, although plasma vaso-
pressin levels significantly increased with dapagliflozin
use.

Several combined mechanisms were suspected in the
beneficial effect of dapagliflozin that was demonstrated
in our trial. First, dapagliflozin significantly reduced
body weight and tended to decrease fasting blood
sugar, which may benefit “metabolic reprograming” in
patients with ADPKD, as described above. However,
the level of albuminuria in our study participants was
mild because of the nature of ADPKD; the effect of

kinase
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Figure 4. Mean change in the values of (a) eGFR;.cys, (b) eGFRcys, and (c) eGFR,, during trials with and without dapagliflozin from 1 month to 6
months using linear mixed models. The model included fixed effects such as trial (with or without dapagliflozin), period (1-6 months), and 1-
month eGFR, as well as an interaction term (period x trial). *P< 0.05; **P< 0.01 versus the trial without dapagliflozin. Bar represents mean +
SEM. cr, creatinine; cys, cystatin C, eGFR, estimated glomerular filtration rate.

dapagliflozin on albuminuria reduction was not hyperfiltration on the overall beneficial effect of
observed in our trial, suggesting that the impact of dapagliflozin observed in this study may be minimal.
dapagliflozin’s attenuation of glomerular Second, dapagliflozin significantly increased serum
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Figure 5. Mean change in the values of (a) eGFR¢.cys, (b) €GFRys, and (c) eGFR,, during trials with and without dapagliflozin from 0 to 6 months
using linear mixed models. The model included fixed effects, such as trial (with or without dapagliflozin), period (06 months), and 0-month eGFR
as well as an interaction term, period x trial. **P< 0.01; ***P< 0.001 versus the trial without dapagliflozin. Bar represents mean + SEM. Cr,
creatinine; Cys, cystatin C, eGFR, estimated glomerular filtration rate.

hemoglobin and hematocrit levels, which is important dapagliflozin use led to a significant reduction in serum
because anemia has been associated with CKD pro- uric acid levels, whereas high uric acid levels have
gression in patients with ADPKD.”  Third, been identified as independent predictors of kidney
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Table 4. Effect of dapagliflozin on secondary outcomes

Variables Dapagliflozin + Dapagliflozin — P-value
TKV change (%/6 mo) —0.44 + 491 5.04 + 8.09 0.01
BW change (kg/6 mo) —0.69 £+ 1.42 0.66 + 1.49 0.01
Urine volume (ml) 4,472 + 1,389 4,328 + 1,299 0.51
Urinary osmolarity (mOsm) 184.4 + 51.1 165.3 + 47.9 0.05
Urine albumin (mg/d) 36.4 + 90.1 445 + 86.0 0.62
L-FABP (ng/gCr) 525 + 6.09 4.96 + 592 0.39
Plasma vasopressin (pg/ml) 452 + 2.02 3.68 £ 1.72 0.002
Systolic BP (mmHg) 123.0 + 13.1 128.4 + 10.1 0.04
Diastolic BP (mmHg) 819 +77 84.1 £7.7 0.31
Mean BP (mmHg) 956 + 8.8 989+ 76 0.13
Pulse pressure (mmHg) 519 +£99 57.3 £5.8 0.08

BP, blood pressure; BW, body weight; L-FABP, liver-type fatty acid-binding protein; TKV,
total kidney volume.
For variables, the values at 6 months of each trial were obtained.

function decline in patients with ADPKD.>** Finally,

given that hypertension is a universal risk factor for
progression to ADPKD’””° and CKD, dapagliflozin
significantly reduced systolic BP in this trial.
Nevertheless, this study had several limitations.
First, this was a pilot trial with only a few participants
who were followed-up for a short period, although an
initial decrease in dapagliflozin was considered. In
addition, although this study was an RCT, the cross-
over design may have introduced certain limitations,
including the order and carryover effects, although
both effects were statistically avoided. Considering
these limitations, future large-scale, long-term RCTs
with parallel designs are warranted. Second, because of
the open-label design of this trial, the effects of several
biases, including placebo effect and observer bias,
could not be excluded, although the parameters
assessed in this trial, including eGFR and TKV
measured by third-party physicians, were relatively
objective. Third, TKV or height-adjusted TKV was
imbalanced between groups, although the difference
was not significant. This might have affected the re-
sults, including eGFR slope and TKV change between

Table 5. Effect of dapagliflozin on exploratory outcomes

Variables Dapagliflozin + Dapagliflozin — P-value
Hemoglobin (g/dl) 141£15 134 £13 <0.001
Hematocrit (%) 432 + 36 404 + 3.6 <0.001
Fast blood sugar (mg/dL) 101.1 £ 17.6 110.2 +£ 37.1 0.07
Hemoglobin Alc (%) 5.64 + 0.33 557 + 0.39 0.07
Uric acid (mg/dl) 5.09 £+ 1.29 584 +1.19 <0.001
Total protein (g/dl) 7.38 +£0.42 7.22 +£0.41 0.02
Albumin (g/dl) 427 +£0.27 4.20 +0.26 0.14
Sodium (mEg/l) 1413 +20 1405 + 2.8 0.14
Potassium (mEg/l) 4.16 +£ 0.39 4.20 + 0.31 0.46
Total cholesterol (mg/dl) 213.6 £ 35.7 206.4 + 31.3 0.13
HDL cholesterol (mg/dl) 656.9 + 19.0 63.9 + 17.2 0.2
Triglyceride (mg/dl) 135.8 + 63.9 122.4 £ 57.8 0.18
LDL cholesterol (mg/dl) 120.6 + 29.1 118.0 £ 27.2 0.563

HDL, high-density lipoprotein; LDL, low-density lipoprotein.
For variables, the values at 6 months of each trial were obtained.
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the DAPA+ and DAPA— trials. However, the impact of
this imbalance on the results was considered minimal
because this was a crossover RCT, and all patients
participated equally in the DAPA+ and DAPA— trials.
In addition, the Mayo imaging classification, which
predicts the progression of ADPKD, did not differ
significantly between the groups. Fourth, as a prog-
nostic tool of ADPKD, the PRO-PKD score was not
evaluated. This is because genetic testing for patients
with ADPKD is not covered by the health insurance in
Japan and is not generally performed in clinical prac-
tice, and none of the participants had undergone ge-
netic testing. Finally, although the dose of tolvaptan
was maintained during the trial, other drugs, including
antihypertensives, were adjusted by the treating phy-
sicians, which may have influenced the effect of
dapagliflozin on participants’ outcomes.

In conclusion, to the best of our knowledge, this is
the first RCT to demonstrate the potential beneficial
effects of dapagliflozin, an SGLT2 inhibitor, on the
attenuation of ADPKD progression without compro-
mising the tolerability to tolvaptan in patients with
ADPKD. However, our results should be interpreted
with caution given the aforementioned limitations.
Notably, the results of this trial showed the additive
efficacy and safety of dapagliflozin alone as co-therapy
with tolvaptan. However, this trial did not evaluate the
efficacy of dapagliflozin as monotherapy for ADPKD.
Therefore, future parallel RCTs with larger sample sizes
and longer follow-up periods are warranted to defini-
tively demonstrate the effect of dapagliflozin on disease
outcomes in patients with ADPKD receiving tolvaptan.
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