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ABSTRACT

Introduction: Hyperinsulinemia and hyper-
glycemia are associated with exaggerated sys-
temic sympathetic nerve activity (SNA) in
patients with type 2 diabetes. Sodium–glucose
cotransporter 2 (SGLT2) inhibitors lower insulin
levels, whereas sulfonylureas increase insulin
levels. We will test whether these two classes of
antidiabetic agents have different effects on
SNA.

Methods: The present study is an ongoing,
24-week, one-center (only Kanazawa University
Hospital), open-label, randomized, parallel trial
(jRCTs 041200035). Participants with type 2
diabetes with multiple atherosclerosis risk fac-
tors are randomly assigned in a 1:1 manner to
receive 2.5 mg luseogliflozin or 0.5 mg glime-
piride once daily. The sample size was calcu-
lated to be 14 in each group, with a significance
level of 0.05 and a power of 0.80. The design
required 40 evaluable study participants. Our
primary endpoint will be the change in muscle
SNA (MSNA). The secondary endpoints inclu-
ded organ-specific insulin sensitivity measured
by a hyperinsulinemic-euglycemic clamp study
using an artificial pancreas combined with a
stable isotope-labeled glucose infusion, bio-
electrical impedance analysis, and organ-speci-
fic (cardiac, renal, and hepatic) 123I-meta-
iodobenzylguanidine (MIBG) innervation
imaging.
Planned Outcomes: Study recruitment started
in April 2020 and will end in June 2024, with 40
participants randomized into the two groups.
The treatment follow-up of the participants is
currently ongoing and is due to finish by March
2025.
Trial Registration: The study protocol has been
approved by the Certified Review Board, Kana-
zawa University, Ishikawa, Japan, in accordance
with the guidelines stipulated in the Declara-
tion of Helsinki (CRB4180005, 2019-001). This
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trial is registered with the Japan Registry of
Clinical Trials, jRCTs 041200035.

Keywords: Organ-specific sympathetic nerve
activity; Sodium–glucose cotransporter 2
inhibitor; Sulfonylurea; Type 2 diabetes;
Organ-specific insulin sensitivity

Key Summary Points

Exaggerated sympathetic nerve activity
(SNA) is associated with worsening
prognosis in patients. A past single-arm
trial lacks a comparative group, which
precludes meaningful conclusions since
glycemic control may affect autonomic
nervous activity.

Given that hyperglycemia and obesity/
hyperinsulinemia activate SNA,
discriminating the effects of glucose and
insulin on SNA in the SGLT2 inhibitor-
mediated SNA reduction is necessary. We
aim to compare the effects between SGLT2
inhibitors and sulfonylureas, both of
which lower glucose levels with elevation
and reduction in circulating levels of
insulin, respectively, in participants with
type 2 diabetes.

Using many metabolic markers, we may be
able to clarify the mechanisms underlying
the SGLT2 inhibitor/sulfonylurea-
mediated alteration in organ-specific SNAs
and insulin sensitivities.

INTRODUCTION

Exaggerated sympathetic nerve activity (SNA) is
associated with worsening prognosis in patients
with heart failure, type 2 diabetes, and cardio-
vascular diseases (CVD) [1, 2]. Human studies
have clarified the role of the sympathetic ner-
vous system in the pathophysiology of end-or-
gan damage and the occurrence of major
clinical complications [3]. Experimental animal
models and studies in humans have

conclusively shown that sympathetic neural
factors have a powerful excitatory influence on
cardiovascular structures, such as the heart and
arteries [3]. Patients with type 2 diabetes melli-
tus are at risk for developing atherosclerotic
CVD [4]. Hyperinsulinemia, hyperglycemia,
and hypoglycemia, which occur during diabetic
treatment, lead to exaggerated SNA [5, 6].
Therefore, antidiabetic treatments that do not
overstimulate the SNA are expected to prevent
cardiovascular complications.

In addition to hypoglycemic attacks, some
diabetic agents modulate SNA. Metformin [6],
pioglitazone [7], and basal insulin glargine
therapy [8] are reported to reduce cardiac auto-
nomic nervous activity, assessed by heart rate
variability. Sulfonylureas remain reliable and
potent antidiabetic agents in insulinopenic
patients with type 2 diabetes and are, therefore,
used as second-line therapies, especially when
the cost is a major issue. Despite their advantage
in lowering glucose levels, sulfonylureas elevate
insulin levels and weight [9], which may posi-
tively and negatively affect the SNA.

Sodium–glucose cotransporter 2 (SGLT2)
inhibitors reportedly reduce CVD, heart failure,
and all-cause mortality risk in patients with
type 2 diabetes [10–14]. In a streptozotocin-di-
abetic rat model, SGLT2 inhibitor lowered SNA
and improved baroreflex sensitivity (BRS) [15].
In humans, muscle SNA (MSNA) recordings are
the gold standard for directly measuring sym-
pathetic nervous outflow [16]. We previously
demonstrated in a single-arm trial that dapa-
gliflozin decreases MSNA in participants with
type 2 diabetes and heart failure [17].

SGLT2 inhibitors were non-inferior to sul-
fonylureas in reducing HbA1c at 52 weeks in a
phase 3 trial [18] and past report [19]. However,
the differences between SGLT2 inhibitors and
sulfonylureas in their effects on SNA in partici-
pants with type 2 diabetes under similar glucose
level reduction remain uncertain. Given that
hyperglycemia and obesity/hyperinsulinemia
activate SNA, discriminating the effects of glu-
cose and insulin on SNA in the SGLT2 inhibitor-
mediated SNA reduction is necessary. For this
purpose, we aim to compare the effects between
SGLT2 inhibitors and sulfonylureas (active
control), both of which lower glucose levels
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with elevation and reduction in circulating
levels of insulin, respectively, in participants
with type 2 diabetes.

In the present study, we aim to investigate
the efficacy of the SGLT2 inhibitor luseogli-
flozin and sulfonylurea glimepiride on MSNA in
participants with type 2 diabetes and evaluate
whether the responses are related to BRS for
24 weeks in an open-label, randomized, parallel
study. Through this study, we will establish the
techniques for evaluating organ-specific SNA.

METHODS

Study Design

This study is a 24-week, one-center, open-label,
randomized, parallel trial on treatment with
2.5 mg luseogliflozin or 0.5 mg glimepiride for
adults with type 2 diabetes. The study protocol
is approved by the Certified Review Board,
Kanazawa University, Ishikawa, Japan, in
accordance with the guidelines stipulated in the
Declaration of Helsinki (CRB4180005,
2019-001). This trial is registered with the Japan
Registry of Clinical Trials, jRCTs 041200035.
Written informed consent is obtained from all
patients before study enrollment. Study
recruitment started in April 2020 and will end
in June 2024, with 40 participants randomized
into the two groups. The treatment follow-up of
the participants is currently ongoing and is due
to finish by March 2025.

Sample Selection

Eligibility for the Trial
Eligible adults (age C 20 years) are identified
and recruited at Kanazawa University Hospital
from April 2020 until June 2024. All partici-
pants provide informed written consent at the
beginning of the screening visit before inclu-
sion in this study. Specifically, we carefully
explain the current clinical recommendations
[20, 21] and obtain full informed consent to
assign participants with multiple atherosclerosis
risk factors to receive either of the agents. These
risk factors are previous history of CVDs,

ischemic stroke, and heart failure and/or at least
one of the following conditions [hypertension,
dyslipidemia, older age (male, [50 years;
female, [ 55 years), smoking history, and obe-
sity (body mass index[25 kg/m2)].

Eligibility for the trial is determined at
screening using standard blood tests, clinical
history taking (including written confirmation
of drug history, where necessary), and physical
examination/observations to identify other ill-
nesses or contraindications. The participants
satisfying the eligibility criteria for the 24-week
treatment trial are given the opportunity to
participate in metabolic mechanistic sub-stud-
ies, including the hyperinsulinemic-euglycemic
clamp study with stable isotope-labeled glucose
infusion at visits 1 and 2. A patient’s decision to
participate in or withdraw from the metabolic
sub-study did not affect their participation in
the main 24-week trial.

The trial entry criteria are based on type 2
diabetes within 4 weeks of screening. All par-
ticipants had to be aged C 20 years during the
initial screening. Participants with type 2 dia-
betes during screening should have glycemic
control (HbA1c of C 7%) and have been man-
aged by either diet and/or a stable dose of
hypoglycemic agents for at least 4 weeks.

The exclusion criteria are as follows: (1)
luseogliflozin or glimepiride hypersensitivity or
contraindications, (2) treatment with glinide,
sulfonylurea, and SGLT2 inhibitor including
luseogliflozin within 4 weeks of screening, (3)
type 1 diabetes or gestational diabetes, (4) dia-
betic ketoacidosis, hyperosmolar hyperglycemic
state, and poorly controlled unstable diabetes
(ketoacidosis or HbA1c increase of[3% in the
12 weeks before screening), (5) absolute indica-
tions for insulin therapy (severely infected
states, scheduled operation, severe trauma, and
so on), (6) history of hypoglycemic symptoms,
(7) poorly controlled hypertension or systolic or
diastolic BPs (blood pressures) of [160
or[100 mmHg, respectively, (8) severe
retinopathy requiring immediate treatment, (9)
receiving treatment for malignancy, (10) severe
health problem not suitable for study inclusion,
(11) pregnant or breastfeeding women, and (12)
inability to participate in the study (including
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psychiatric and psychosocial problems), as
assessed by the investigators.

Randomization
The participants meeting all eligibility criteria
and provided written informed consent are
randomly assigned on a 1:1 basis to either of the
two study treatments using computer-generated
randomization at Kanazawa University
Hospital.

The SGLT2 inhibitor group received luseo-
gliflozin (starting from 2.5 mg/day and titrated
up to 5.0 mg/day; brand name Lusefi, Taisho
pharmaceutical holdings, Japan), whereas the
sulfonylurea group received glimepiride (start-
ing from 0.5 mg/day and titrated up to
6.0 mg/day; Sanofi K.K., Canada) for 24 weeks.

Study Intervention
The study is divided into the following four
stages (Fig. 1): (1) screening, enrollment, ran-
domization, (2) baseline investigations (visits 1
and 2, over a maximum period of 7 days), (3)
study treatment (visit 3 at 12 weeks), (4) end-
point assessment at 24 weeks, including MSNA
and metabolic sub-studies (visits 4 and 5, over a
maximum period of 7 days). If the trial investi-
gator or participant suspected an adverse event,
an unscheduled visit is arranged within 7 days.
The study visits and data collection schedules
are summarized in Table 1. All participants are
asked to attend each visit under fasting states
for at least 9 h before each visit. A follow-up
MSNA is obtained after the completion of the
24-week study treatment.

Previous treatment with oral antidiabetic
drugs is continued at the same dose in partici-
pants at randomization. Glycemic control is
assessed at each 12-week trial visit using plasma
glucose and HbA1c measurements. In the event
of glycemic control deterioration defined as
HbA1c of [9% even if the allocated drug is
dosed up after the intervention, the participant
will be informed and counseled about starting
the open-label, long-acting insulin analogues
once daily. However, the patient’s trial partici-
pation will not be jeopardized if they do not
wish to take the long-acting insulin analogues.
The dose of the long-acting insulin analogues is
titrated by trial investigators to ensure that the
standard of diabetes care will not be signifi-
cantly compromised as a result of the patient’s
participation in our clinical trial. In addition to
the study medications, the participants contin-
ued to undergo lifestyle modifications (i.e.,
exercise, weight loss, and dietary adjustment),
and their coexisting illnesses are managed
throughout the trial. The participants are not
allowed to take any new prescriptions.

Planned Outcomes

The primary outcome measure will be assessed
using an intention-to-treat analysis of the
MSNA changes, i.e., burst frequency (BF, bursts/
minute) and burst incidence (BI, bursts/100
heartbeats), from the beginning to 24 weeks of
treatment.

Secondary endpoints included changes in (1)
BF and BI from the beginning to 12 weeks of
treatment, (2) BRS by MSNA and CVR-R inter-
val, (3) cardiac autonomic nerve activity, (4)
organ-specific insulin sensitivity, estimated by
the hyperinsulinemic-euglycemic clamp study
using an artificial pancreas, (5) oxidative and
non-oxidative glucose metabolism, calculated
by indirect calorimetry, (6) basal metabolism
and respiration quotient, calculated by indirect
calorimetry, (7) heart rate and BP, (8) body
compositions, (9) blood glucose and insulin
sensitivity (fasting plasma glucose levels,
hemoglobin A1c, glycated albumin,
immunoreactive insulin, homeostasis model
assessment of insulin resistance, quantitative

Fig. 1 Flowchart of the study schedule
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insulin sensitivity check index, C-peptide
immunoreactivity), (10) lipid metabolism, (11)
renal function and electrolyte balances, (12)
adrenal hormone [plasma renin activity, plasma
aldosterone levels, plasma catecholamine
(adrenaline, noradrenaline, and metanephri-
nes) levels, urinary epinephrine, nore-
pinephrine, metanephrine, and
normetanephrine], (13) oxidative stress (Fe,
ferritin) levels, (14) cytokine concentration
(leptin, adiponectin), (15) hepatokines

(selenoprotein P and LECT-2) levels, (16) eval-
uation of safety, (17) iodine-123 meta-iodoben-
zylguanidine (123I-MIBG) scintigraphic indices
of the heart, kidney, and liver, namely, washout
rate, and heart-to-mediastinum (H/M), kidney-
to-background (K/BG), and liver-to-medi-
astinum (L/M) ratios, (18) left ventricular ejec-
tion fraction, diastolic capacity, and cardiac
load measured by echocardiography, (19)
endothelial functions (EndoPAT), (20) relation
between organ-specific SNA and organ-specific

Table 1 Schedule of data collection in the present trial

Screening Baseline Treatment Endpoint
Visit 1, 2 Visit 3 Visit 4, 5

(Max 2 4 weeks
to TD1)

(1–2 weeks prior
to TD1)

(Week 12) (1–7 days 1 week 24)

Informed consent X

Clinical assessmenta X X X X

Vital signsb X X X X

Screening blood testc X X X X

Study medication X X X X

Clinical and laboratory datad X X X

Bioelectrical impedance X X X

MSNA X X X

Baroreflex sensitivity X X X

Cardiac autonomic nerve activity X X X

Euglycemic-hyperinsulinemic clamp study

with stable isotopes

X X

Respiratory quotient and basal energy

expenditure

X X

123I-MIBG imaging X X

Echocardiography X X

Endothelial function X X

Gene expression X X

Adverse/clinical events X X

aComplete history/examination and physical and mental conditions
bBlood pressure, heart rate, weight, height, and waist circumference
cFasting plasma glucose and HbA1c
dStandard blood and urine test, fill blood count, renal function, electrolytes, lipid profile, bone metabolism, oxidative stress,
cytokines, and hepatokines
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insulin sensitivity, and (21) gene expression
related to glucose and lipid metabolism.

Data Collection

MSNA
All experiments are performed in a quiet, elec-
trically shielded room in the afternoon with the
participant in the supine position. HR is deter-
mined from a continuous ECG. The beat-to-beat
BP is recorded continuously from the radial
artery using a non-invasive tonometry moni-
toring system (JENTOW-7700; Nihon Colin,
Komaki, Japan). Postganglionic MSNA is recor-
ded from the left peroneal nerve, as described
previously [22–24]. Briefly, with the participant
in a comfortable supine position, the common
peroneal nerve is located by palpation and
stimulated electrically via the skin surface. A
tungsten microelectrode is inserted percuta-
neously into a motor fascicle of the peroneal
nerve. The electrode is adjusted until sponta-
neous pulse-synchronous sympathetic burst
activities could be recorded. The signal is fed
through a band-pass filter (500–3000 kHz) and a
resistance–capacitance integrated circuit with a
time constant of 0.1 s to produce a mean volt-
age neurogram using the PowerLab recording
system (Model ML 785/85P; ADInstruments,
Bella Vista, Australia). The raw nerve signal is
obtained at 12,000 Hz, whereas the other sig-
nals are obtained at 1000 Hz. In a blinded
manner, multi-unit MSNA is identified offline
on the basis of its relationship to cardiac activity
in the integrated nerve recording by an experi-
enced investigator. Burst activity is identified as
a[ 3 signal-to-noise ratio on mean voltage
neurograms. For each participant, multi-unit
MSNA is expressed as the number per minute
(BF) (bursts/minute) and number per 100
heartbeats (BI) (bursts/100 heartbeats). Data are
acquired for at least 10 min. Multi-unit MSNA
has high reproducibility [24, 25].

BRS

BRS analysis spontaneous arterial baroreflex
modulation of HR (cardiovagal BRS) is esti-
mated using the sequence method [26]. The

beat-to-beat time series of systolic BP (SBP) and
RR interval are analyzed using HemoLab soft-
ware (Harald Stauss Scientific, Iowa City, IA), as
reported previously [17]. Arterial baroreflex
modulation of MSNA (sympathetic BRS) is
assessed by examining the relationship between
MSNA occurrence and diastolic BP [17].

Holter Electrocardiogram
The participants underwent ambulatory Holter
electrocardiogram monitoring. The results are
transformed into frequency-domain waveforms
that included high-frequency (HF)
(0.15–0.40 Hz) and low-frequency (LF)
(0.04–0.15 Hz) powers. LF power, HF power, and
LF/HF ratio represent SNA, parasympathetic
nerve activity, and sympathovagal balance,
respectively [27].

Clinical Information
Clinical information, including age, sex, medi-
cation, and body measurements, is obtained for
each patient. Body measurements, including
height, weight, heart rate, systolic/diastolic BP,
and waist circumferences, are recorded. Body
composition, including body fat mass and fat-
free mass, is determined by a bioelectrical
impedance analysis (Tanita BC-118D; Tanita,
Tokyo, Japan), and a suitable commercial
octapolar BIA system (InBody 720, InBody Co.,
Ltd., Tokyo, Japan). Venous blood samples
obtained after overnight fasting are used to
evaluate blood chemistry, including full blood
count, liver enzymes (serum aspartate amino-
transferase, serum alanine aminotransferase,
and plasma gamma-glutamyltransferase), renal
function (blood urea nitrogen, creatinine, and
estimated glomerular filtration rate), electrolyte
levels, lipid profile (total cholesterol, high-den-
sity lipoprotein, and triglycerides), HbA1c, and
plasma glucose.

Organ-Specific Insulin Sensitivity
Organ-specific insulin sensitivity is estimated
via a hyperinsulinemic-euglycemic clamp study
using an artificial pancreas (model STG-55;
Nikkiso, Tokyo, Japan) combined with a
stable isotope-labeled [6,6-2H2]glucose infusion.
We calculated and defined organ-specific
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insulin resistance in the liver, skeletal muscle,
and adipose tissue, as described previously [28].
Hepatic insulin resistance indices are calculated
as the product of fasting hepatic glucose pro-
duction (HGP) and fasting plasma insulin con-
centration and HGP suppression by insulin
during a clamp study. The skeletal muscle
insulin resistance index is calculated as insulin-
stimulated glucose disposal (Rd) [29, 30].

Energy Metabolism
Whole-body indirect calorimetry is performed
during the hyperinsulinemic-euglycemic clamp
study using an AE-310 s Aeromonitor (Minato
Medical Science Company, Osaka, Japan). Res-
piratory quotient is defined as the ratio of car-
bon dioxide production (VCO2) to the whole-
body oxygen consumption (VO2). Basal energy
expenditure is calculated from VO2 and VCO2
using the Weir equation. We calculated glucose
oxidation from the respiratory gas exchange
and nitrogen excretion in the urine [31]. Non-
oxidative glucose disposal is estimated by sub-
tracting the glucose oxidation rate from Rd [32].

123I-MIBG Images
123I-MIBG images are obtained using a double-
headed gamma camera interfaced with a dedi-
cated nuclear medicine workstation (Siemens
Healthcare, Tokyo, Japan). The camera is
equipped with a low-to-medium-energy gen-
eral-purpose collimator. The energy window is
centered on 159 keV with a 15% window. A
planar anterior image that included the heart
and liver and a planar posterior image that
included the liver and kidneys are acquired for
3 min at 20 min (early) and 3 h (delayed) after
injection of 111 MBq of 123I-MIBG (FUJIFILM
Toyama Chemical Co. Ltd, Tokyo, Japan). The
image matrix is 256 9 256 pixels. For quanti-
tative analysis, circular or elliptical regions of
interest (ROIs) are positioned over the heart (H),
liver (L), and kidney (K) images. A rectangular
ROI is placed over the upper one-third of the
mediastinum (M) and background (BG) in the
anterior and posterior images, respectively. The
ROIs of H and M are according to the published
123I-MIBG imaging guidelines [33]. An elliptical
ROI is set on a kidney, and a rectangular BG ROI

is set between the kidneys. For calculating the
H/M, L/M, and K/BG ratios, the ROIs are ana-
lyzed with a Mathematica (Wolfram Research
Inc., Champaign, IL. USA) program created for
this purpose. The radiotracer washout rate (WR)
is calculated as (early H count - delayed H
count/k)/early H 9 100(%), where k is a decay
correction factor calculated as 0.5^(time[h]/13).
An experienced nuclear medicine physician
blinded to patient information performed the
quantitative image analysis. K/BG ratios and
WR values (%) are obtained for a kidney that did
not include excreted renal retention activity
and liver activity overlap. The reproducibility of
the indices by 123I-MIBG imaging quantitation
is assessed in advance.

Echocardiography
Echocardiography (Aplio; Toshiba, Tokyo,
Japan) is performed on the same day or within
a week before the MSNA measurement. Left
ventricular ejection fraction is measured by
using the Simpson method. E/e0 is calculated by
using the E wave derived from the transmittal
flow per e0 measured by tissue Doppler imaging
of the left ventricular basal septal wall.

Peripheral endothelial function is measured
using an EndoPAT-2000 device (Itamar Medical,
Caesarea, Israel). A peripheral arterial tonome-
try probe is attached to the fingers of both
hands of the participant. The reactive hyper-
emia index (RHI) is determined according to the
manufacturer’s instructions, with RHI\1.67
indicating endothelial dysfunction [34].

The participants’ peripheral whole blood is
collected periodically, placed in PAXgene Blood
RNA Tubes (PreAnalytiX GmbH, Hom-
brechtikon, Switzerland) to stabilize the RNA,
and stored per the manufacturer’s protocol.

Case Report Forms (CRFs)
The CRFs included baseline/follow-up medical
histories and physical examinations to capture
comorbidities and concomitant medications in
the trial’s database. Other CRFs incorporated in
the database included the following: laboratory
data, including questionnaire results; safety
monitoring during the follow-up periods;
MSNA reports; 123I-MIBG imaging; organ-
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specific insulin sensitivity; and adverse-event
reporting and study-drug dispensing forms for
study treatment adherence and accountability.
Treatment compliance, including the evidence
of dosage and clinical events, will be monitored
at each study visit.

Data Analysis

Sample Size Estimation
The present study is powered to detect a change
in the primary endpoint, MSNA BF. A priori
sample size calculations assumed a 15–20%
reduction in MSNA according to our previous
studies [17, 35]. We calculated the sample size
as 12 in each group, with a significance level of
0.05 (type I error) and a power of 0.80 (type II
error). Published clinical trials reported an
average participant withdrawal rate of 10–20%.
This design required 40 evaluable participants
in the treatment group. Therefore, we random-
ize our recruitment target of 40 participants in a
1:1 allocation ratio to either luseogliflozin or
glimepiride.

Statistical Analysis
Statistical analyses will be performed with an
intention-to-treat principle to ascertain safety
and adverse effects. The baseline characteristics
of the two study groups are summarized with
frequencies for categorical variables and means
(standard deviation) for normally distributed
variables or median (interquartile range) for
non-normally distributed continuous variables.
We will perform the Shapiro–Wilk test to eval-
uate the assumption of a normal distribution.
The between-group comparison at baseline will
be performed with the v2 test or Fisher’s exact
test for categorical variables and Mann–Whit-
ney U test for non-normally distributed data or
two-sample t test for normally distributed data
for continuous parameters. The intergroup
comparison of the continuous parameters will
be performed with the Mann–Whitney U test
for the non-normally distributed data or the
two-sample t test for the normally distributed
data. The internal group comparison at baseline
and 24 weeks will be performed with the Wil-
coxon-signed rank test. Data pertaining to the

major clinical events of interest are presented as
frequencies and percentages for categorical
variables. We will examine the association
between the baseline characteristics and labo-
ratory data changes by performing a Spearman
analysis. P\ 0.05 will be regarded as statistically
significant. All analyses will be performed with
SPSS Statistics, version 25.0 (IBM Corp.,
Armonk, NY).

We state that similar methodologies have
been presented previously [36].

DISCUSSION

This study will be the first to report on the
efficacy of treatment with the SGLT2 inhibitor
and sulfonylurea on organ-specific SNA in par-
ticipants with type 2 diabetes in a 24-week
open-label randomized trial. The enrollment of
the required sample size will be completed in
June 2024, and the final results are expected by
the end of 2025.

Diabetic treatment dynamically alters car-
diac autonomic nervous activity [6–8, 17]. We
found that insulin glargine elevates the
parasympathetic tone at nighttime and reduces
the SNA at dawn [8]. Hence, insulin glargine
might prevent cardiovascular events by reduc-
ing the sympathetic tone at dawn. Additionally,
dapagliflozin in a single-arm study decreases
MSNA [17]. However, these studies lack a com-
parative group, which precludes meaningful
conclusions since glycemic control may affect
the autonomic nervous activity. Our study will
compare the effects between the SGLT2 inhi-
bitor and sulfonylurea on MSNA in participants
with type 2 diabetes. Through this study, we
will elucidate the pleiotropic effects of the
SGLT2 inhibitor on organ-specific SNAs and
insulin sensitivity by comparing them with
those of the active control sulfonylurea, which
elevates insulin secretion and with similar glu-
cose reduction to that of the SGLT2 inhibitor.

In addition to the primary endpoint MSNA,
we will evaluate the organ-specific SNA as the
secondary endpoint by 123I-MIBG imaging. The
123I-MIBG scintigraphy is a noninvasive imag-
ing method for assessing SNA. We found that
the renal 123I-MIBG washout rates are correlated
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significantly with the gold standard SNA indi-
cator MSNA [35]. We previously reported that
the SGLT2 inhibitor reduces MSNA [17]. How-
ever, it remains unclear whether the SGLT2
inhibitor directly or indirectly affects the renal
123I-MIBG washout rates. The afferent SNA in
the kidney is stimulated as the efferent SNA
increases [37], which leads to deterioration of
CVDs such as hypertension. A recent large-scale
randomized trial showed that SGLT2 inhibitors
preserved kidney functions in participants with
chronic kidney disease (DAPA-CKD) [38]. How-
ever, no human study has demonstrated the
sympathetic response to antidiabetic drugs in
the kidneys and other organs. Our present study
will clarify the organ-specific SNAs and their
differences among the diabetic agents. The
assessment of renal SNA will deepen our
understanding of the pleiotropic actions of
antidiabetic agents and contribute to tailored
antidiabetic medicine in the future.

The secondary endpoints in the present
study include organ-specific insulin sensitivity
evaluated by the hyperinsulinemic-euglycemic
clamp study combined with stable isotope-la-
beled glucose infusion. The process on how SNA
modulates insulin signaling remains unclear.
The SGLT2 inhibitor reduces body weight and
hepatic fat accumulation and inflammation
[19], which are often recognized to be associ-
ated with insulin resistance. However, liver fat is
associated with skeletal muscle insulin resis-
tance, but not with insulin resistance in the
liver and adipose tissue [29]. In contrast, hepatic
glycogen deficiency enhances lipolysis in the
adipose tissue to generate glycerol that fuels
hepatic gluconeogenesis and thereby reduces
liver fat via a liver–brain–adipose neurocir-
cuitry. These interorgan networks should be
considered when interpreting our findings in
organ-specific SNAs and insulin sensitivities.
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