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Abstract 

Background:  This study aimed to investigate the preventive effects of tofogliflozin, a selective sodium-glucose 
cotransporter 2 (SGLT2) inhibitor, on atherosclerosis progression in type 2 diabetes (T2DM) patients without apparent 
cardiovascular disease (CVD) by monitoring carotid intima-media thickness (IMT).

Methods:  This prospective, randomized, open-label, blinded-endpoint, multicenter, parallel-group, comparative 
study included 340 subjects with T2DM and no history of apparent CVD recruited at 24 clinical units. Subjects were 
randomly allocated to either the tofogliflozin treatment group (n = 169) or conventional treatment group using drugs 
other than SGLT2 inhibitors (n = 171). Primary outcomes were changes in mean and maximum common carotid IMT 
measured by echography during a 104-week treatment period.

Results:  In a mixed-effects model for repeated measures, the mean IMT of the common carotid artery (mean-
IMT-CCA), along with the right and left maximum IMT of the CCA (max-IMT-CCA), significantly declined in both the 
tofogliflozin (− 0.132 mm, SE 0.007; − 0.163 mm, SE 0.013; − 0.170 mm, SE 0.020, respectively) and the control group 
(− 0.140 mm, SE 0.006; − 0.190 mm, SE 0.012; − 0.190 mm, SE 0.020, respectively). Furthermore, the tofogliflozin and 
the conventional treatment group did not significantly differ in the progression of the mean-IMT-CCA (mean change 
(95% CI) 0.008 (− 0.009, 0.025) mm, P = 0.34), along with the right (mean change (95% CI) 0.027 (− 0.005, 0.059) mm, 
P = 0.10) and the left max-IMT-CCA (mean change (95% CI) 0.020 (− 0.030, 0.070), P = 0.43). Similar findings were 
obtained even after adjusting for traditional CV risk factors and/or administration of drugs at baseline. Relative to the 
control treatment effects, tofogliflozin significantly reduced the HbA1c, blood glucose level, body weight/body mass 
index, abdominal circumference, and systolic blood pressure, and significantly increased the HDL-C. The total and seri-
ous adverse events incidences did not significantly vary between the treatment groups.
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Background
Sodium-glucose cotransporter 2 (SGLT2) inhibitors 
are antidiabetic agents that lower blood glucose levels 
by promoting urinary glucose excretion. Their risk of 
causing hypoglycemia, which is linked to increased car-
diovascular (CV) events [1–3], is low since their mode 
of action is independent of insulin secretion. SGLT2 
inhibitors are known to diminish various CV risk fac-
tors by reducing visceral adipose tissue, body weight, 
and blood pressure, improving the blood lipid profile, 
and generating a reno-protective effect independent 
of the glycemic effects [4, 5]. Because SGLT2 inhibi-
tors have a pleiotropic antiatherogenic effect, they are 
expected to attenuate the progression of atherosclero-
sis, and therefore, to protect against CV events.

Clinical trials in patients with type 2 diabetes mellitus 
(T2DM) showed that SGLT2 inhibitors, such as empa-
gliflozin and canagliflozin, significantly reduced the pri-
mary outcome, a composite of death from CV causes, 
nonfatal myocardial infarction, and nonfatal stroke, com-
pared to that of placebo [6, 7]. However, although wors-
ening heart failure was decreased, these treatments failed 
to reduce atherothrombotic events, such as myocardial 
infarction and stroke [5–9]. Thus, clinical evidence of the 
anti-atherosclerotic effect of SGLT2 inhibitors remains 
to be established. Furthermore, to our knowledge, only 
very few clinical trials have investigated whether SGLT2 
inhibitors protect against atherosclerosis in subjects with 
T2DM but no apparent cardiovascular disease (CVD) 
[10].

Tofogliflozin, an SGLT2 inhibitor that has been clini-
cally used in Japan since 2014, is associated with favora-
ble metabolic effects, including improved glycemic 
control and serum lipid profile, along with decreased 
body weight, visceral adipose tissue, and blood pres-
sure [11, 12]. Tofogliflozin has the highest selectivity of 
all clinically developed inhibitors with 2900-fold greater 
selectivity for SGLT2 than SGLT1 [13], which may con-
tribute to the relatively low incidence of adverse events 
including hypoglycemia, compared to that of other 
SGLT2 inhibitors [14]. Moreover, among all SGLT2 
inhibitors, tofogliflozin has the shortest half-life with a 
urinary excretion rate of more than 80% within 12 h after 
administration. Morning tofogliflozin administration 

reportedly reduces the risk of nocturnal hypoglycemia 
because its effects almost disappear by nighttime [15].

In patients with T2DM, a progressive thickening of the 
carotid artery intima-media is considered a CVD surro-
gate marker [16] used for evaluating the effects of vari-
ous interventions on the progression of atherosclerosis 
[17–24]. Our randomized controlled trial investigated 
the preventive effects of tofogliflozin on the progression 
of intima-media thickness (IMT) in patients with appar-
ent CVD-free T2DM.

Methods
Study design
The Study of Using Tofogliflozin for Possible better 
Intervention against Atherosclerosis for type 2 diabetes 
patients (UTOPIA) trial was a multicenter prospective, 
randomized (1:1), open-label, blinded-endpoint (PROBE) 
study, as described previously [25]. This study is regis-
tered in the University Hospital Medical Information 
Network Clinical Trials Registry (UMIN-CTR), a non-
profit organization in Japan, and meets the requirements 
of the International Committee of Medical Journal Edi-
tors (UMIN000017607).

Study population
Japanese subjects with T2DM who periodically attended 
the outpatient diabetes clinics of 24 institutions in Japan 
(Additional file  1: Material S1) were asked to partici-
pate in this study, as described in detail previously [25]. 
The inclusion criteria were as follows: (1) Japanese with 
T2DM and inadequate glycemic control (HbA1c ≥ 6% 
but < 9%), along with the inability to achieve the blood 
glucose level stated in the Diabetes Treatment Guideline 
of 2014–2015 despite being on drugs—except SGLT2 
inhibitors—with diet and physical therapy, on diet and 
physical therapy without being on drugs for at least 
12  weeks, or on SGLT2 inhibitors in the past but with-
out them for at least 12 weeks before signing the consent 
form, (2) without changes (including new prescriptions) 
in the antidiabetic, antithrombotic, antihypertensive 
medication, or a therapeutic agent for dyslipidemia man-
agement for at least 12  weeks before signing the con-
sent form, (3) age 30–74 at the time of giving consent, 
and (4) able to provide informed consent. Furthermore, 
the following exclusion criteria were applied: (1) type 1 

Conclusions/interpretation:  No IMT changes were observed between the tofogliflozin and the conventional treat-
ment groups. However, tofogliflozin is a safe and effective treatment option for managing primary CVD risk factors in 
this population.

Clinical Trial Registration UMIN000017607 (https​://www.umin.ac.jp/icdr/index​.html).
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or secondary diabetes, (2) in the perioperative period or 
with a serious infection or injury, (3) a history of myocar-
dial infarction, angina, stroke, or cerebral infarction, (4) 
severe renal dysfunction (estimated glomerular filtration 
rate (eGFR) of < 30  mL/min/1.73  m2) or end-stage renal 
failure (eGFR < 15  ml/min/1.73  m2, i.e., dialysis or renal 
transplantation is required), (5) serious liver functional 
impairment (aspartate aminotransferase ≥ 100 U/L), (6) 
moderate to severe heart failure (class 3 or worse based 
on the New York Heart Association Functional Classi-
fication), (7) urinary tract or genital infection, (8) preg-
nant, possibly pregnant, nursing, or planning to conceive 
a child, (9) history of hypersensitivity to the study drug, 
(10) present or past history of a malignant tumor (excep-
tions: patients not on medication for malignant tumor 
and no recurrence of the disease so far without recur-
rence risks during this study were allowed to participate), 
(11) prohibited to use tofogliflozin, (12) other ineligibility 
determined by an investigator.

The subjects were screened consecutively, and patients 
who met the above eligibility criteria were asked to par-
ticipate in our study. All patients who agreed to par-
ticipate were included in the study. The protocol was 
approved by the Osaka University Clinical Research 
Review Committee and the institutional review board 
of each participating institution in compliance with the 
Declaration of Helsinki and current legal regulations in 
Japan. Written informed consent was obtained from all 
participants after a full explanation of the study.

Randomization and study intervention
Patient registration was performed at the administration 
office of the UTOPIA trial via the internet; once enrolled, 
the subjects were randomly and equally assigned to a 
tofogliflozin treatment group or a conventional treatment 
group using drugs other than SGLT2 inhibitors. The 
randomization was performed using a dynamic balanc-
ing minimization method based on insulin use/non-use, 
age, and sex. Assignments were made by the electronic 
data capturing system using computer-generated random 
numbers and minimization software for group allocation. 
The computer programs for analyses were developed and 
run by biostatisticians, following the prespecified statisti-
cal analysis plan. Neither patients nor investigators were 
masked to treatment group assignment.

Treatment was continued to achieve the target value 
specified in the Japanese treatment guide for diabetes 
[26] (generally an HbA1c < 7.0%) in all patients. In the 
conventional treatment group, either the current therapy 
dosage was increased or a concomitant oral glucose-
lowering drug (excluding any other SGLT2 inhibitor) 
was added 12  weeks following randomization. In the 
tofogliflozin group, 20  mg tofogliflozin once daily was 

started in addition to ongoing therapy. However, the 
addition of an alternative antidiabetic agent (excluding 
another SGLT2 inhibitor) was permitted 12  weeks after 
randomization. In the case of hypoglycemia, the dos-
age of the concomitant oral glucose-lowering drug was 
titrated. The use of antihyperlipidemic and antihyperten-
sive drugs was allowed during the study.

Observation items and schedule
The study period was 104  weeks following patient reg-
istration (registration period: January to November 
2016). All randomized participants were followed until 
the scheduled study end regardless of adherence to or 
discontinuation of study medication for any reason. 
Clinical outcomes, adherence, and adverse events were 
confirmed, and clinical and biochemical data were col-
lected at 0, 26, 52, 78, and 104 weeks after randomization.

Study outcomes
Primary study outcomes were the changes in mean IMT 
of the common carotid artery (mean-IMT-CCA) and 
maximum IMT of the CCA (max-IMT-CCA) during the 
104-week treatment period measured by carotid arterial 
echography. The most primary outcome of this study was 
preliminarily defined as the change in the mean derived 
from the left- and right-side mean-IMT-CCA values. 
Investigations were conducted at the beginning of the 
study and at 52 and 104 weeks.

Measurement of carotid IMT
Ultrasonography scans of the carotid artery based on the 
guideline of the Japan Society of Ultrasonics in Medicine 
[27] were performed by expert sonographers specifically 
trained to perform the prescribed study examination. 
To avoid inter-sonographer variability, each participant 
was examined by the same sonographer with the same 
equipment (high-resolution B-mode ultrasound scanner 
equipped with a high-frequency [> 7.5 MHz] linear trans-
ducer with a limit of detection of < 0.1  mm) through-
out all the visits. Scanning of the extracranial CCA, the 
carotid sinus, and the internal carotid artery in the neck 
was performed bilaterally in at least three different longi-
tudinal projections as well as transverse projections, and 
the site of greatest thickness, including plaque lesions, 
was sought along the arterial walls. The IMT was meas-
ured as the distance between two parallel echogenic lines 
corresponding to the vascular lumen and the adventitial 
layer.

To avoid inter-reader variability, all scans were elec-
tronically stored and sent to the central office (IMT Eval-
uation Committee, Osaka, Japan) for reading by a single 
experienced reader unaware of the subjects’ clinical char-
acteristics in a random order using automated digital 
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edge-detection software (Intimascope; MediaCross, 
Tokyo, Japan) [28]. The software system averaged about 
200 points of IMT values in the segment 2 cm proximal 
to the dilation of the carotid sinus (mean-IMT-CCA). 
In addition, the maximum thicknesses of the intima and 
media layers, including the plaque lesions, in the com-
mon carotid arteries (max-IMT-CCA) were captured 
separately. The same systematic procedures for analyz-
ing carotid IMT were used in our previous studies [21, 
22]. Reproducibility analysis of replicate measurements 
in the randomly selected 20 subjects yielded absolute 
mean differences of 0.02 ± 0.01 and 0.01 ± 0.01 for mean-
IMT-CCA and max-IMT-CCA, respectively. The intra-
observer coefficients of variation for the measurements 
of mean-IMT-CCA and max-IMT-CCA were 1.1% and 
0.7%, respectively.

Biochemical tests
Blood samples were collected after overnight fasting. 
Serum lipids (total cholesterol, high-density lipopro-
tein-cholesterol, low-density lipoprotein-cholesterol, 
triglycerides), HbA1c (National Glycohemoglobin Stand-
ardization Program), glucose, insulin, and creatinine 
were measured with standard techniques. Measurements 
of highly sensitive C-reactive protein were outsourced to 
a private laboratory (SRL Laboratory, Tokyo). Urinary 
albumin excretion (UAE) was measured by the improved 
bromocresol purple method using a spot urine sample. 
The estimated glomerular filtration rate (eGFR) was cal-
culated using the following formula: eGFR (ml/min per 
1.73  m2) = 194 × age − 0.287 × serum creatinine − 0.1094 
(× 0.739 for females) [29].

Safety evaluation
All adverse events (AEs) were recorded during the study, 
as described in the Additional file 1.

Sample size
The progression of carotid IMT in diabetic patients is 
considered to be 0.034 ± 0.054  mm/year (mean ± stand-
ard deviation [SD]), and a 1% improvement in the HbA1c 
value is associated with a 0.02 mm/year improvement in 
IMT [30]. Therefore, during a 2-year observation period, 
the registration of at least 310 patients was required to 
obtain 90% power to detect a difference of 0.04  mm in 
IMT between the two treatment groups assuming an SD 
of 0.108  mm for individual differences, which was pre-
sumed to be common in both groups, and a 0.05 level of 
significance. The dropout and/or study discontinuation 
rate during the 2-year observation period was assumed 
to be 10%. According to this calculation, the target num-
ber of enrolled patients was set at 340 (170 per group) for 
the 2-year registration period.

Statistical analysis
All allocated participants, except those without any IMT 
measurements during the observation period, were ana-
lyzed regardless of adherence using an intent-to-treat 
approach. Analyses of the efficacy were performed on 
the full dataset using the intent-to-treat approach prin-
ciple and secondarily using the per-protocol set. Pri-
mary analysis was performed using the mixed-effects 
model for repeated measures with treatment group, time 
(week), interactions between treatment group and time 
(week), age, sex, use of insulin at baseline, and baseline 
IMT as fixed effects; an unstructured covariate was used 
to model the covariance of within-subject variability. The 
sensitivity analysis assessed differences in delta change in 
IMT from baseline between two groups using analysis of 
covariance (ANCOVA) models that included treatment 
group, age, sex, baseline IMT, systolic blood pressure, 
and administration of statin. For the occurrence of car-
diovascular events as one of the secondary outcomes, the 
time to onset was analyzed using a log-rank test and the 
Cox proportional hazard model.

Baseline and follow-up group comparisons were per-
formed with Student’s t test or Wilcoxon rank-sum test 
for continuous variables and Fisher’s exact test or Chi 
square test for categorical variables. Changes from base-
line to treatment visits were assessed with a one-sample 
t-test and Wilcoxon signed-rank test within the group. 
The frequency and proportion of patients reporting AEs 
were derived from each treatment group and compared 
between the two treatment groups using Fisher’s exact 
test. All statistical tests were two-sided with a 5% signifi-
cance level. All analyses were performed using the SAS 
software version 9.4 (SAS Institute, Cary, NC).

Role of the funding source
The sponsor had no role in study design, data collection, 
data analysis, data interpretation, or writing of the report. 
The corresponding author had full access to all the data 
in the study and had final responsibility for the decision 
to submit for publication.

Results
Study population
Between January 12, 2016, and November 25, 2016, 
340 participants were randomly allocated to either the 
tofogliflozin group (n = 169) or the conventional treat-
ment group (n = 171). After excluding 1 patient from 
further analysis because of no data for the primary end-
point, 169 and 170 patients of the tofogliflozin group and 
the conventional treatment group were included in the 
full analysis set, respectively. Among the study subjects, 
140 of the tofogliflozin group and 146 of the conventional 
treatment group completed the allocated treatment 
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regimen with the final patient visit on February 26, 2019 
(Fig. 1). There were no significant differences in baseline 
characteristics between the two groups (Table 1).

Carotid intima‑media thickness
For 104 weeks, both tofogliflozin and conventional treat-
ment significantly reduced the mean-IMT-CCA and 
the right and left max-IMT-CCA values relative to the 
respective baseline values (Table  2). In a mixed-effects 
model for repeated measures, there were no significant 
differences in the progression in the mean-IMT-CCA 
and the right and left max-IMT-CCA (i.e., primary end-
points of the study) between the tofogliflozin and the 
conventional treatment group (Table  2). Similar find-
ings were obtained even after adjusting the mixed-effects 
models for traditional CV risk factors and/or adminis-
tration of drugs, including hypoglycemic agents, anti-
hypertensive agents, statin, and antiplatelets at baseline 
(Table  3). Moreover, ANCOVA models that included 
treatment group, age, sex, use of insulin, baseline IMT, 
systolic blood pressure, and administration of statins 

produced findings that resembled those generated by the 
mixed-effects models (Additional file 1: Table S1).

Glucose metabolism and other parameters
Within 104  weeks, tofogliflozin treatment, but not con-
ventional treatment, significantly reduced HbA1c and 
fasting blood glucose levels relative to baseline. The 
improvements (value at study end—value at baseline) in 
HbA1c (− 0.3 ± 0.8% vs. 0.1 ± 0.7%, P < 0.001) and fasting 
blood glucose (− 0.7 ± 1.9  mmol/l vs. 0.1 ± 1.8  mmol/l, 
P < 0.001) were significantly better in the tofogliflo-
zin group than in the conventional group. The serum 
C-peptide level was also significantly decreased in the 
tofogliflozin group but not in the conventional group 
(Table 4).

Tofogliflozin treatment, but not conventional treat-
ment, significantly reduced the body mass index 
(BMI), waist circumference, and systolic and diastolic 
blood pressure relative to baseline. Improvements 
during observation period in BMI (− 1.0 ± 1.4  kg/
m2 vs. − 0.2 ± 1.8  kg/m2, P < 0.001), waist circum-
ference (− 1.2 ± 6.0  cm vs. 1.5 ± 4.3  cm, P < 0.001), 

Assessed for eligibility (n=2919)

Randomized (n=340) 

Excluded (n=2579)
• Not meeting inclusion citeria (n=1503)
• Declined to participate (n=124)
• Due to patient’s circumstances (n=800)
• Other reasons (n=152)

Tofogliflozin group (n=169) Conventional group (n=171)

Excluded (n=0) Excluded (n=1)
• No data for primary endpoint (n=1)

Full analysis set (n=170)Full analysis set (n=169)

Study discontinued (n=12)
due to:
• Adverse events (n=6)
• Protocol violation (n=6)

Drop-out (n=17)
due to:
• No visit (n=8)
• Consent withdrawn (n=1)
• Other (n=8)

Study discontinued (n=6)
due to:
• Adverse events (n=1)
• Protocol violation (n=5)

Drop-out (n=18)
due to:
• No visit (n=10)
• Consent withdrawn (n=4)
• Other  (n=4)

Fig. 1  Study design flowchart
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and systolic blood pressure (− 5.3 ± 16.3  mmHg vs. 
0.5 ± 18.0 mmHg, P = 0.004) were significantly larger in 
the tofogliflozin group than in the conventional group 
(Table 4). Tofogliflozin treatment, but not conventional 
treatment, significantly increased HDL-C levels relative 
to baseline within 26, 52, and 78 weeks, and the HDL-C 
levels at these examination points were significantly 
improved by tofogliflozin treatment than by conven-
tional treatment. Although the total cholesterol levels 
from each examination week did not significantly vary, 

the reductions relative to baseline values tended to be 
larger in the conventional group (Table 4).

The eGFRs significantly decreased in both groups 
during the study. UAE significantly increased in the 
conventional group but tended to decrease in the 
tofogliflozin group, and the UAE level change was sig-
nificantly greater in the conventional group than in the 
tofogliflozin group (Table 5).

Serum adiponectin levels significantly increased during 
the observation period in both groups, but its increase 
was more significant in the tofogliflozin group than in 

Table 1  Clinical characteristics of patients in both treatment groups

Data are presented as number (%) of patients or mean ± SD values

Parameters Tofogliflozin group Conventional group P value

Sex (males) (%) 99 (58.6) 99 (58.2) 1.00

Age (years) 61.3 ± 9.3 60.9 ± 9.7 0.66

Current smoking 38 (22.6) 29 (17.1) 0.22

Hypertension 88 (52.1) 105 (61.8) 0.08

Dyslipidemia 107 (63.3) 122 (71.8) 0.11

Duration of diabetes (years) 12.1 ± 8.4 12.5 ± 8.3 0.65

Diabetic retinopathy 28 (16.8) 33 (19.5) 0.51

Diabetic nephropathy 48 (28.4) 53 (31.2) 0.58

Use of glucose-lowering agents 153 (90.5) 152 (89.4) 0.86

 Metformin 91 (53.8) 100 (58.8) 0.38

 Sulfonylurea 38 (22.5) 43 (25.3) 0.61

 Glinides 10 (5.9) 10 (5.9) 1.00

 Thiazolidinediones 18 (10.7) 23 (13.5) 0.51

 α-Glucosidase inhibitor 24 (14.2) 25 (14.7) 1.00

 DPP-4 inhibitors 75 (44.4) 95 (55.9) 0.039

 GLP-1 R agonists 23 (13.6) 12 (7.1) 0.05

 Insulins 35 (20.7) 37 (21.8) 0.89

Use of antihypertensive drugs 79 (46.7) 95 (55.9) 0.10

 Angiotensin-converting enzyme inhibitors 3 (1.8) 5 (2.9) 0.72

 Angiotensin II receptor blockers 63 (37.3) 83 (48.8) 0.037

 Direct renin inhibitor 2 (1.2) 0 (0.0) 0.25

 Calcium channel blocker 47 (27.8) 54 (31.8) 0.48

 Diuretic drugs 8 (4.7) 14 (8.2) 0.27

 α-Adrenergic receptor antagonist 2 (1.2) 0 (0.0) 0.25

 β-Adrenergic receptor antagonist 3 (1.8) 3 (1.8) 1.00

 Others 5 (3.0) 10 (5.9) 0.29

Use of lipid-lowering agents 82 (48.5) 99 (58.2) 0.08

 Statins 73 (43.2) 83 (48.8) 0.33

 Ezetimibe 10 (5.9) 11 (6.5) 1.00

 Resins 0 (0.0) 1 (0.6) 1.00

 Fibrates 8 (4.7) 6 (3.5) 0.60

Use of antithrombotic agents 17 (10.1) 15 (8.8) 0.71

 Antiplatelet agents 15 (8.9) 11 (6.5) 0.42

 Anticoagulants 2 (1.2) 4 (2.4) 0.68

 Others 0 (0.0) 0 (0.0) –
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the conventional group. However, the hsCRP and NT-
proBNP levels did not significantly change during the 
study (Table 5).

Remarkably, over the course of the study, the DPP-4 
inhibitor use was significantly higher, and after 

52  weeks, the metformin use was significantly higher 
in the conventional group than in the tofogliflozin 
group (Additional file 1: Table S2). Furthermore, anti-
hypertensive drugs, especially angiotensin II receptor 
blockers (ARBs), were significantly more used, and 

Table 2  Effects of tofogliflozin on intima-media thickness

Data are presented as mean ± SD, unless stated otherwise. Comparisons of IMT values during treatment with those at baseline were performed using a one-sample 
t-test based on the mixed-effects model for repeated measures. *P < 0.05, #P < 0.01, §P < 0.001. Differences in IMT between groups at each point were analyzed using 
Student’s t-test. Differences in delta change in IMT from baseline to week 52 and 104 between groups at each point (Treatment effect) were analyzed with the mixed-
effects model for repeated measures. Treatment group, week, interactions between treatment group and week, age, sex, use of insulin at baseline, and baseline IMT 
were included as fixed effects. IMT, intima-media thickness

Tofogliflozin group Conventional group Treatment effect (tofogliflozin-conventional 
treatment) (mean change; 95%CI), P value

P value 
between groups

Common mean IMT

 Baseline (mm) 0.87 ± 0.16 (n = 169) 0.87 ± 0.16 (n = 170) 0.93

 Week 52 (mm) 0.78 ± 0.14 (n = 155) 0.78 ± 0.14 (n = 160) 0.90

 Week 104 (mm) 0.74 ± 0.14 (n = 152) 0.73 ± 0.14 (n = 149) 0.58

 Week 52 (mean change; SE) − 0.082 (0.006) § − 0.083 (0.005) § 0.001 (− 0.012, 0.014), P = 0.89

 Week 104 (mean change; SE) − 0.132 (0.007) § − 0.140 (0.006) § 0.008 (− 0.009, 0.025), P = 0.34

Right maximum IMT

 Baseline (mm) 1.05 ± 0.29 (n = 169) 1.06 ± 0.25 (n = 169) 0.76

 Week 52 (mm) 0.96 ± 0.28 (n = 155) 0.95 ± 0.23 (n = 159) 0.75

 Week 104 (mm) 0.91 ± 0.30 (n = 152) 0.88 ± 0.21 (n = 148) 0.41

 Week 52 (mean change; SE) − 0.107 (0.012) § − 0.119 (0.011) § 0.013 (− 0.015, 0.040), P = 0.37

 Week 104 (mean change; SE) − 0.163 (0.013) § − 0.190 (0.012) § 0.027 (− 0.005, 0.059), P = 0.10

Left maximum IMT

 Baseline (mm) 1.13 ± 0.37 (n = 169) 1.12 ± 0.37 (n = 169) 0.79

 Week 52 (mm) 1.01 ± 0.34 (n = 155) 1.01 ± 0.33 (n = 159) 0.95

 Week 104 (mm) 0.96 ± 0.38 (n = 152) 0.93 ± 0.31 (n = 148) 0.45

 Week 52 (mean change; SE) − 0.117 (0.018) § − 0.108 (0.018) § − 0.009 (− 0.053, 0.036), P = 0.70

 Week 104 (mean change; SE) − 0.170 (0.020) § − 0.190 (0.020) § 0.020 (− 0.030, 0.070), P = 0.43

Table 3  Effects of tofogliflozin on intima-media thickness of common carotid arteries after adjusting for traditional CV 
risk factors and/or administration of drugs

Treatment effect (tofogliflozin—conventional treatment) is expressed as mean change (95% CI). Differences in delta change in IMT from baseline at 52 and 104 weeks 
between groups at each point (Treatment effect) were analyzed with mixed effects model for repeated measures. *P < 0.05, #P < 0.01, §P < 0.001. Model 1: Treatment 
group, week, interactions between treatment groups and week, body mass index, HbA1c, total cholesterol, high-density lipoprotein-cholesterol and triglyceride and 
systolic blood pressure were included as fixed effects. Model 2: Model 1 plus smoking, DPP-4 inhibitors, pioglitazone, angiotensin-converting enzyme/angiotensin 
II receptor blocker, statin and anti-platelets were included as fixed effects. Model 3: Model 1 plus smoking, hypoglycemic agents, angiotensin-converting enzyme/
angiotensin II receptor blocker, statin and anti-platelets were included as fixed effects. Model 4: Model 1 plus smoking, hypoglycemic agents, antihypertensive agents, 
statins, and antiplatelets were included as fixed effects

Model 1 Model 2 Model 3 Model 4

Common mean IMT

 Week 52 0.003 (− 0.013, 0.018) 0.001 (− 0.014, 0.017) 0.002 (− 0.014, 0.018) 0.002 (− 0.014, 0.017)

 Week 104 0.008 (− 0.012, 0.028) 0.007 (− 0.013, 0.027) 0.008 (− 0.012, 0.028) 0.007 (− 0.013, 0.027)

Right maximum IMT

 Week 52 0.022 (− 0.010, 0.054) 0.019 (− 0.013, 0.051) 0.021 (− 0.011, 0.053) 0.021 (− 0.011, 0.053)

 Week 104 0.030 (− 0.007, 0.066) 0.027 (− 0.010, 0.063) 0.028 (− 0.008, 0.065) 0.029 (− 0.007, 0.065)

Left maximum IMT

 Week 52 − 0.026 (− 0.077, 0.026) − 0.029 (− 0.081, 0.023) − 0.027 (− 0.079, 0.025) − 0.028 (− 0.080, 0.024)

 Week 104 − 0.006 (− 0.062, 0.050) − 0.009 (− 0.065, 0.047) − 0.007 (− 0.063, 0.049) − 0.008 (− 0.064, 0.048)
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Table 4  Effects of tofogliflozin on body mass index, glucose metabolism, lipid metabolism and blood pressure

Parameters Tofogliflozin group Conventional group P value

Body Mass Index at baseline (kg/m2) 27.0 ± 5.8 (n = 168) 27.0 ± 4.6 (n = 169) 0.93

 Week 26 (change from baseline) − 0.7 ± 1.0 (n = 163)§ 0.0 ± 1.2 (n = 164) < 0.001

 Week 52 (change from baseline) − 0.8 ± 1.3 (n = 160)§ − 0.1 ± 1.4 (n = 159) < 0.001

 Week 78 (change from baseline) − 0.8 ± 1.5 (n = 154)§ 0.0 ± 1.5 (n = 157) < 0.001

 Week 104 (change from baseline) − 1.0 ± 1.4 (n = 154)§ − 0.2 ± 1.8 (n = 154) < 0.001

Waist circumference at baseline (cm) 93.0 ± 12.7 (n = 149) 93.7 ± 11.7 (n = 154) 0.60

 Week 26 (change from baseline) − 2.0 ± 6.0 (n = 128)§ 1.0 ± 4.3 (n = 127)# < 0.001

 Week 52 (change from baseline) − 0.9 ± 6.1 (n = 127) 1.4 ± 4.7 (n = 135)# < 0.001

 Week 78 (change from baseline) − 1.3 ± 6.5 (n = 117)* 1.4 ± 4.3 (n = 124)§ < 0.001

 Week 104 (change from baseline) − 1.2 ± 6.0 (n = 124)* 1.5 ± 4.3 (n = 125)§ < 0.001

HbA1c at baseline (%) 7.4 ± 0.7 (n = 169) 7.3 ± 0.7 (n = 170) 0.23

HbA1c at baseline (mmol/mol) 57.5 ± 8.0 (n = 169) 56.5 ± 7.8 (n = 169) 0.23

 Week 26 (change from baseline) − 0.4 ± 0.6 (n = 165)§ 0.0 ± 0.5 (n = 165) < 0.001

 Week 52 (change from baseline) − 0.3 ± 0.7 (n = 161)§ 0.0 ± 0.6 (n = 162) < 0.001

 Week 78 (change from baseline) − 0.3 ± 0.8 (n = 154)§ 0.0 ± 0.7 (n = 159) < 0.001

 Week 104 (change from baseline) − 0.3 ± 0.8 (n = 156)§ 0.1 ± 0.7 (n = 153) < 0.001

Fasting blood glucose at baseline (mmol/l) 7.8 ± 1.7 (n = 167) 7.8 ± 1.8 (n = 168) 0.91

 Week 26 (change from baseline) − 0.9 ± 1.6 (n = 155)§ 0.2 ± 2.1 (n = 152) < 0.001

 Week 52 (change from baseline) − 0.8 ± 1.7 (n = 150)§ − 0.1 ± 1.8 (n = 154) < 0.001

 Week 78 (change from baseline) − 0.5 ± 1.7 (n = 145)§ 0.1 ± 1.9 (n = 146) 0.007

 Week 104 (change from baseline) − 0.7 ± 1.9 (n = 148)§ 0.1 ± 1.8 (n = 149) < 0.001

C-peptide at baseline (ng/ml) 1.91 ± 1.16 (n = 166) 2.04 ± 1.24 (n = 168) 0.34

 Week 52 (change from baseline) − 0.26 ± 0.78 (n = 149)§ − 0.20 ± 1.11 (n = 156)* 0.61

 Week 104 (change from baseline) − 0.16 ± 0.82 (n = 145)* − 0.12 ± 1.06 (n = 149) 0.75

Total cholesterol at baseline (mmol/l) 4.96 ± 0.74 (n = 165) 4.93 ± 0.81 (n = 163) 0.72

 Week 26 (change from baseline) 0.09 ± 0.55 (n = 156)* − 0.03 ± 0.54 (n = 150) 0.07

 Week 52 (change from baseline) 0.07 ± 0.59 (n = 157) − 0.04 ± 0.57 (n = 156) 0.07

 Week 78 (change from baseline) 0.09 ± 0.57 (n = 146) − 0.05 ± 0.65 (n = 144) 0.05

 Week 104 (change from baseline) 0.10 ± 0.69 (n = 151) − 0.05 ± 0.67 (n = 147) 0.06

LDL cholesterol at baseline (mmol/l) 2.88 ± 0.69 (n = 168) 2.89 ± 0.66 (n = 169) 0.87

 Week 26 (change from baseline) 0.03 ± 0.52 (n = 162) − 0.02 ± 0.51 (n = 162) 0.47

 Week 52 (change from baseline) 0.01 ± 0.50 (n = 159) − 0.03 ± 0.51 (n = 162) 0.49

 Week 78 (change from baseline) 0.04 ± 0.50 (n = 153) − 0.05 ± 0.59 (n = 157) 0.14

 Week 104 (change from baseline) 0.01 ± 0.62 (n = 154) − 0.07 ± 0.57 (n = 153) 0.25

HDL cholesterol at baseline (mmol/l) 1.42 ± 0.36 (n = 169) 1.37 ± 0.31 (n = 170) 0.18

 Week 26 (change from baseline) 0.07 ± 0.18 (n = 163)§ 0.00 ± 0.18 (n = 162) < 0.001

 Week 52 (change from baseline) 0.06 ± 0.16 (n = 161)§ 0.01 ± 0.18 (n = 162) 0.009

 Week 78 (change from baseline) 0.08 ± 0.22 (n = 154)§ 0.03 ± 0.20 (n = 159) 0.019

 Week 104 (change from baseline) 0.08 ± 0.23 (n = 156)§ 0.04 ± 0.20 (n = 154)* 0.08

Triglyceride at baseline (mmol/l) 1.20 [0.93, 1.80] (n = 167) 1.45 [1.01, 1.88] (n = 168) 0.06

 Week 26 (change from baseline) − 0.04 [− 0.34, 0.24] (n = 152) 0.03 [− 0.26, 0.36] (n = 150) 0.21

 Week 52 (change from baseline) − 0.03 [− 0.25, 0.23] (n = 149) − 0.03 [− 0.37, 0.20] (n = 154)* 0.40

 Week 78 (change from baseline) − 0.01 [− 0.30, 0.23] (n = 145) − 0.01 [− 0.34, 0.29] (n = 145) 0.82

 Week 104 (change from baseline) − 0.05 [− 0.36, 0.25] (n = 147) − 0.03 [− 0.35, 0.30] (n = 148) 0.95

Systolic blood pressure (mmHg) 133.0 ± 14.5 (n = 165) 134.5 ± 17.4 (n = 165) 0.41

 Week 26 (change from baseline) − 4.5 ± 13.9 (n = 160)§ − 0.7 ± 15.3 (n = 159) 0.021

 Week 52 (change from baseline) − 6.0 ± 13.0 (n = 157)§ − 2.7 ± 17.4 (n = 157) 0.06

 Week 78 (change from baseline) − 5.6 ± 15.4 (n = 151)§ − 1.6 ± 18.3 (n = 152) 0.040

 Week 104 (change from baseline) − 5.3 ± 16.3 (n = 150)§ 0.5 ± 18.0 (n = 148) 0.004
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the use of lipid-lowering agents tended to be higher in 
the conventional group than in the tofogliflozin group 
during the study (Additional file 1: Table S3).

Adverse events
During the study, 168 patients, 76 in the tofogliflozin 
and 92 in the conventional group, developed adverse 
events (AEs), and 57 patients, 26 in the tofogliflozin and 
31 in the conventional group, developed serious AEs. 

The total AE and serious AE incidences did not signifi-
cantly vary between the treatment groups. Although a 
total 6 patients developed CV events, 3 patients in each 
group (hazard ratio, 0.96; 95% CI 0.21–5.03, P = 0.98), 
there were no CV-related deaths in either group during 
the follow-up period. A total of 34 hypoglycemic events, 
17 in each group, were recorded (Table  6), but none of 
the affected patients experienced severe hypoglycemia. 
No significant variations in cancers, genital infections, 

Data are presented as mean ± SD or median (the 25th and 75th percentiles) values. Differences in parameters between groups at baseline were analyzed using 
Student’s t-test or Wilcoxon rank-sum test. Differences in parameters from baseline to week 52 and 104 within each group were analyzed by one-sample t-test or 
Wilcoxon signed-rank test. Differences in parameters from baseline to week 52 and 104 between groups were analyzed using Student’s t-test or Wilcoxon rank-sum 
test. *P < 0.05, #P < 0.01, §P < 0.001

Table 4  (continued)

Parameters Tofogliflozin group Conventional group P value

Diastolic blood pressure (mmHg) 77.7 ± 10.0 (n = 165) 79.1 ± 10.9 (n = 165) 0.22

 Week 26 (change from baseline) − 1.7 ± 8.9 (n = 160)* 0.1 ± 9.0 (n = 159) 0.08

 Week 52 (change from baseline) − 3.2 ± 9.3 (n = 157)§ − 0.8 ± 10.1 (n = 157) 0.028

 Week 78 (change from baseline) − 2.7 ± 9.5 (n = 151)§ − 1.1 ± 9.8 (n = 152) 0.15

 Week 104 (change from baseline) − 3.2 ± 10.1 (n = 150)§ − 1.0 ± 10.0 (n = 148) 0.05

Table 5  Effects of tofogliflozin on markers of renal function, inflammation, and cardio-vascular function

Data are presented as mean ± SD or median (the 25th and 75th percentiles) values. Differences in parameters between groups at baseline were analyzed using 
Student’s t-test or Wilcoxon rank-sum test. Differences in parameters from baseline to week 52 and 104 within each group were analyzed between groups using a 
one-sample t-test or Wilcoxon signed-rank test. Differences in parameter changes from baseline to week 52 and 104 were analyzed using Student’s t-test or Wilcoxon 
rank-sum test. *P < 0.05, #P < 0.01, §P < 0.001

eGFR, estimated glomerular filtration rate; UAE, urinary albumin excretion; hs-CRP, high-sensitivity C-reactive protein; NT-proBNP, N-terminal pro–brain natriuretic 
peptide; baPWV, brachial-ankle pulse wave velocity; ABI, ankle brachial blood pressure index

Tofogliflozin group Conventional group P value

eGFR (mL/min/1.73 m2) 80.7 ± 20.8 (n = 168) 81.9 ± 24.0 (n = 169) 0.64

 Week 26 (change from baseline) − 2.9 ± 9.1 (n = 161)§ − 2.8 ± 9.4 (n = 162)§ 0.89

 Week 52 (change from baseline) − 2.8 ± 9.5 (n = 159)§ − 2.3 ± 9.6 (n = 161)# 0.67

 Week 78 (change from baseline) − 3.2 ± 9.9 (n = 154)§ − 3.7 ± 10.4 (n = 157)§ 0.65

 Week 104 (change from baseline) − 3.1 ± 12.1 (n = 155)# − 3.8 ± 10.5 (n = 153)§ 0.59

UAE at baseline (mg/g/cre) 13.0 [6.3, 37.0] (n = 158) 17.4 [5.8, 67.7] (n = 157) 0.24

 Week 26 (change from baseline) − 0.3 [− 8.9, 6.7] (n = 139) − 0.4 [− 9.5, 4.5] (n = 134) 0.83

 Week 52 (change from baseline) − 1.7 [− 8.1, 3.9] (n = 146)* 0.1 [− 5.7, 9.6] (n = 146) 0.038

 Week 78 (change from baseline) − 0.8 [− 8.3, 8.0] (n = 131) 1.1 [− 6.4, 13.9] (n = 130) 0.06

 Week 104 (change from baseline) − 1.4 [− 9.9, 5.4] (n = 144) 1.8 [− 3.9, 20.1] (n = 140)* 0.006

hsCRP at baseline (ng/ml) 582.5 [287.5, 1430.0] (n = 168) 619.5 [295.0, 1450.0] (n = 170) 0.70

 Week 52 (change from baseline) − 24.5 [− 298.0, 190.0] (n = 154) 0.0 [− 260.0, 311.0] (n = 159) 0.41

 Week 104 (change from baseline) − 45.0 [− 412.5, 172.5] (n = 152) 18.5 [− 300.5, 305.0] (n = 152) 0.21

Adiponectin at baseline (μg/ml) 7.50 [5.30, 10.30] (n = 168) 7.35 [5.40, 10.30] (n = 170) 0.88

 Week 52 (change from baseline) 0.65 [0.10, 1.30] (n = 154)§ 0.40 [− 0.30, 1.10] (n = 159)§ 0.019

 Week 104 (change from baseline) 0.70 [− 0.10, 1.80] (n = 152)§ 0.25 [− 0.30, 1.00] (n = 152)# 0.003

NT-proBNP at baseline (pg/ml) 34.0 [17.0, 68.0] (n = 168) 31.5 [17.0, 59.0] (n = 170) 0.96

 Week 52 (change from baseline) − 1.0 [− 14.0, 11.0] (n = 154) − 2.0 [− 13.0, 9.0] (n = 159) 0.94

 Week 104 (change from baseline) 1.0 [− 12.0, 17.0] (n = 152) 2.0 [− 8.5, 17.0] (n = 152)* 0.50
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urinary tract infections, or bone fractures were observed 
between the two groups, and no incidents of death, dia-
betic ketoacidosis, or leg amputation occurred.

Discussion
SGLT2 inhibitors, such as empagliflozin and canagli-
flozin, attenuated arteriosclerosis in animal models of 
the disease [31–33]. However, to date, there are no ran-
domized controlled trials (RCT) monitoring the effect 
of SGLT2 inhibitors on the progression of arterioscle-
rotic lesions. Therefore, we conducted a PROBE study to 
investigate the preventive effects of a potent and selective 
SGLT2 inhibitor, tofogliflozin, on atherosclerosis pro-
gression in subjects with T2DM but no history of appar-
ent CVD.

Effects of tofogliflozin on atherosclerosis
To the best of our knowledge, the UTOPIA study is 
the first RCT evaluating the effects of SGLT2 inhibitor 
on carotid IMT. We found statistically significant IMT 
reduction in the tofogliflozin treatment group, and while 
the control group also showed a statistically significant 
IMT reduction, there were no significant differences 
in the progression in IMT between the two treatment 
groups.

IMT is a quantitative indicator of arteriosclerosis-
related changes linked to CV risk factors that lead to 
the development of CVDs [34] and have been validated 
against pathological specimens and confirmed as strong 
predictors of CV events [35, 36]. Changes in the IMT 
values are used as an alternative index of CVD that can 
be measured repeatedly with low-cost, low-invasive 
techniques [16, 36–38]. IMT measurements have been 
applied as a surrogate outcome for evaluating the effects 
of various drugs, including statins and antidiabetic drugs, 
on arteriosclerosis in numerous clinical trials [17–24].

In this study, repeated IMT measurements were per-
formed in a blinded manner and the analyses were 
performed at a core laboratory to avoid bias and meas-
urement errors between institutions: all scans were 
electronically stored and sent to the core laboratory for 
reading by a single experienced reader unaware of the 
patients’ clinical characteristics in a random order using 
automated digital edge-detection software. The same 
procedure for analyzing carotid IMT was used in our 
previous studies [21, 22]. Thus, the reliability and repro-
ducibility of IMT measurements were certified in the 
current study.

Two earlier, non-randomized studies evaluated the 
effects of SGLT2 inhibitors on IMT in T2DM patients 
[39, 40]. A 3-month prospective cohort study with 35 
Italian T2DM patients by Irace et  al. [39] showed that 
empagliflozin and incretin-based therapy reduced IMT. 

Table 6  Summary of  serious adverse events and  adverse 
events

Parameters Tofogliflozin 
treatment group 
(n = 169)

Conventional 
treatment group 
(n = 171)

Any adverse events 76 (45.0) 92 (53.8)

Severe adverse events 26 (15.4) 31 (18.1)

Death 0 (0) 0 (0)

Worsening of glycemic 
control

7 (4.1) 17 (9.9)

Hypoglycemia 17 (10.1) 17 (9.9)

Myocardial infarction 1 (0.6) 0 (0)

Other coronary artery 
diseases

3 (1.8) 1 (0.6)

Stroke 0 (0) 3 (1.8)

Subarachnoid hemorrhage 0 (0) 1 (0.6)

Peripheral artery disease 1 (0.6) 0 (0)

Heart failure 0 (0) 1 (0.6)

Arrhythmia 3 (1.8) 0 (0)

Blood pressure reductions 2 (1.2) 1 (0.6)

Venous thrombosis 0 (0) 1 (0.6)

Volume depletion 1 (0.6) 0 (0)

Gastric cancer 1 (0.6) 0 (0)

Hepatic cancer 2 (1.2) 0 (0)

Prostate cancer 1 (0.6) 1 (0.6)

Brest cancer 1 (0.6) 2 (1.2)

Colon cancer 1(1) 0 (0)

Malignant lymphoma 1 (0.6) 1 (0.6)

Anemia 1 (0.6) 3 (1.8)

Sleep apnea syndrome 0 (0) 1 (0.6)

Vertigo 2 (1.2) 2 (1.2)

ophthalmic diseases 3 (1.8) 7 (4.1)

Otolaryngology disease 7 (4.1) 4 (2.3)

Dental diseases 4 (2.4) 0 (0)

Influenza, common cold 22 (13.0) 23 (13.5)

Pneumonia 0 (0) 2 (1.2)

Other respiratory disease 2 (1.2) 2 (1.2)

Epigastric discomfort 3 (1.8) 1 (0.6)

Digestive tract disease 18 (10.7) 14 (8.2)

Liver dysfunction 1 (0.6) 1 (0.6)

Renal dysfunction 0 (0) 3 (1.8)

Urinary lithiasis 1 (0.6) 1 (0.6)

Dyslipidemia 0 (0) 3 (1.8)

Thyroid disease 3 (1.8) 1 (0.6)

Urinary tract infection 3 (1.8) 7 (4.1)

Genital infection 2 (1.2) 0 (0)

Genital pruritus 2 (1.2) 0 (0)

Dermatitis 2 (1.2) 1 (0.6)

Eruption 5 (3.0) 4 (2.3)

Muscle spasm 2 (1.2) 1 (0.6)

Bone fracture 3 (1.8) 3 (1.8)

Other orthopedic disease 4 (2.4) 12 (7.0)
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However, it did not evaluate potential differences in IMT 
reduction between groups, and was limited by small 
sample size and short treatment duration. The second 
trial was a single-arm intervention study in 134 Japanese 
T2DM patients who reported no statistically significant 
changes in IMT following 52 weeks of ipragliflozin treat-
ment [40]. However, the report could not assess the effect 
of the SGLT2 inhibitors on IMT, since it was a single-arm 
study.

As the study drugs and participants’ backgrounds dif-
fer, the results of the above two studies cannot be directly 
compared with those of our UTOPIA study. However, 
our study is superior in terms of certain aspects including 
study design, sample size, and observation duration. Like 
Irace et  al. [39], our study reports that IMT decreased 
after SGLT2 inhibitor treatment compared with pre-
treatment. Moreover, all three studies report that SGLT2 
inhibitor treatment has not been proven to significantly 
prevent IMT progression compared to with the conven-
tional treatment.

The effects of SGLT2 inhibitors on endothelial func-
tion, which is an arteriosclerosis-related change that 
occurs on a shorter timescale than IMT hyperplasia [41], 
were evaluated in earlier reports. In the double-blind 
RCT EMBLEM, the effect of empagliflozin on the reac-
tive hyperemia peripheral arterial tonometry index, an 
indicator of endothelial function, was estimated; how-
ever, the change was not significant [42]. Similarly, in 
another study, dapagliflozin did not significantly affect 
the flow-mediated dilation, another indicator of endothe-
lial function [10]. These reports do not contradict our 
findings.

CVD onset events, such as myocardial infarction and 
stroke, occur later than IMT hyperplasia. Several cardio-
vascular outcome trials (CVOTs) with SGLT2 inhibitors 
have been published [6, 7, 43]. Remarkably, three stud-
ies reported substantial inhibition of heart failure, but 
there were no statistically significant inhibitory effects 
on events more closely related to atherosclerosis, such as 
fatal or non-fatal myocardial infarction [6, 7, 43]. Meta-
analyses of CVOTs with new classes of antidiabetic 

drugs, including SGLT2 inhibitors, have produced simi-
lar findings [44], suggesting that possible mechanisms 
may involve hemodynamic effects induced by glycosuria 
and natriuresis rather than a direct antiatherothrombotic 
effect [5, 6, 8, 9].

In addition, it is possible that the effects of SGLT2 
inhibitor treatment differ depending on vessels size. Both 
IMT and FMD are indices used to evaluate angiopathies 
in large vessels. Conversely, complex onset mechanisms 
underlie cardiovascular events, involving disorders of 
both large and small vessels. Coronary artery disease 
and stroke develop through complex onset mechanisms, 
in which disorders of both large and small vessels are 
involved but the presence of large-vessel lesions have 
greater significance. Previous studies have proven that 
SGLT2 inhibitors reduce mortality and hospitalization 
due to heart failure [6, 7, 43, 44]. Tofogliflozin has been 
reported to improve cardiac diastolic function [45]. The 
same study has also shown that the diastolic function 
improvement does not correlate with the improvement 
in FMD-based vascular endothelial function in large ves-
sels and has inferred that tofogliflozin may improve dias-
tolic function by improving local hemodynamics in the 
coronary artery. These findings suggest that the benefi-
cial effects of SGLT2 inhibitors on small vessels may be 
greater rather than those on large vessels. This particular 
point warrants further investigation.

Effects of tofogliflozin on glucose metabolism and other 
parameters
Within a 2-year observation period, relative to the con-
trol group parameters, tofogliflozin significantly reduced 
HbA1c, blood glucose, BMI, and abdominal circumfer-
ence, which were accompanied by a significant HDL-C 
increase. These observations indicated that tofogliflozin 
is an effective drug for the management of CV risk fac-
tors in patients with T2DM.

In the tofogliflozin group, after 26  weeks, the HbA1c 
level was significantly decreased by an average of 
0.4% from an initial level of 7.4 ± 0.7%, and even after 
104  weeks, a significant average reduction of 0.3% was 
maintained. Since blood glucose was controlled in 
most subjects at the study start, the average reduction 
of 0.3–0.4% over 2  years appears to be clinically sig-
nificant. Remarkably, the improvement in blood glucose 
control was accompanied by a significant reduction of 
body weight and abdominal circumference, but with-
out an incident increase in hypoglycemic events. Since 
the beneficial effects of tofogliflozin on glycemic control 
has been reported to be more significant in subjects with 
larger visceral fat area at baseline, tofogliflozin would be 
more suitable for relatively obese subjects [46].

Table 6  (continued)

Data are presented as number (%) of patients

Parameters Tofogliflozin 
treatment group 
(n = 169)

Conventional 
treatment group 
(n = 171)

Edema 0 (0) 2 (1.2)

General fatigue 1 (0.6) 1 (0.6)

Traumatic injury 0 (0) 3 (1.8)

Others 16 (9.5) 22 (12.9)
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Tofogliflozin treatment was also associated with sig-
nificant reduction of blood pressures and body weight, 
which were accompanied by a significant increase of red 
blood cell count, hemoglobin, and hematocrit. These 
findings were consistent with previous reports indicating 
the favorable hemodynamic effects of SGLT2 inhibitors 
[5–9]. SGLT2 inhibitor-induced plasma volume reduc-
tion and hemoconcentration leading to improvement of 
oxygen transport could contribute to the efficient myo-
cardial energetics. Indeed, SGLT2 inhibitors including 
tofogliflozin significantly improve left ventricular dias-
tolic function in patients with T2DM [45, 47]. It remains 
unclear whether there are differences in cardiac effects 
between agents belonging to this class of drugs, while a 
clinical comparison of tofogliflozin and empagliflozin 
based on a 48-week retrospective analysis showed that 
empagliflozin had a significantly stronger effect on the 
hematocrit than tofogliflozin [48].

Safety
Although this study could not specifically evaluate the 
effects of tofogliflozin on CVD, the incidence of CV 
events was low in both treatment groups, and there was 
no significant difference between these groups. This 
incidence rate was similar to that reported in a recent 
large-scale RCT, J-DOIT3, that included Japanese T2DM 
patients [49].

In addition, all adverse events, hypoglycemia, genital 
infections, urinary tract infections, and bone fractures 
did not significantly vary between the two treatment 
groups. The fairly low incidence of adverse events related 
to genital infections and the absence of significant dif-
ference from the control group were consistent with the 
results of previous studies investigating tofogliflozin as 
a study drug in Japanese patients with T2DM [11, 12], 
although genital infections have been commonly known 
as an adverse event related to SGLT2 inhibitor treatment 
and thus should be administered with caution. Further-
more, there were no concerns documented in our study 
records about the safety of tofogliflozin.

These findings suggest that tofogliflozin is a safe and 
effective drug for managing T2DM in patients without 
apparent CVD.

Limitations
Our study also has some limitations. First, although 
many clinical trials of antilipidemic and antidiabetic 
agents have used the carotid IMT as a surrogate clinical 
endpoint for cardiovascular events [17–24], there is no 
sufficient evidence whether the progression of carotid 
IMT reflects an increased risk of subsequent cardiovas-
cular events. Some previous studies indicated that the 

progression of carotid IMT and carotid stenosis could 
be used as a surrogate endpoint of cardiovascular events 
[16, 36–38, 50, 51]. However, recent meta-analyses indi-
cated that there was no significant association between 
the carotid IMT progression and the development of 
combined endpoints [52–55].

Second, this study was not a double-blind, placebo-
controlled trial but rather a prospective, randomized 
study with open-label medications and blinded endpoint. 
Although the endpoint determination was blinded and 
conducted by expert committees, the medications were 
open label, which may induce unexpected bias. Further-
more, it is possible that the administration of additional 
antidiabetic, antilipidemic, and antihypertensive agents, 
which was more frequent in the control group at base-
line and during the treatment periods (Additional file 1: 
Tables S2 and S3), may have affected the outcomes. 
These drugs presumably have direct anti-arteriosclerotic 
properties in addition to their effects on the reduction 
of blood glucose, blood pressure, and lipid levels. Spe-
cifically, biguanides [19, 20], DPP-4 inhibitors [21, 22], 
ARBs [23, 24], and statins [17, 18] exert strong inhibi-
tory effects on the progression of IMT, and these effects 
are assumed to be independent of blood glucose, blood 
pressure, and lipid levels improvements. Thus, it is pos-
sible that the inhibition of IMT progression following 
tofogliflozin treatment might have been masked by the 
analogous effects of other drugs used in managing diabe-
tes, as described above.

Third, we should consider that the relatively small 
number of subjects recruited for the study could be an 
important bias. Although the sample size had been con-
sidered as sufficient for detecting a difference in the IMT 
progression between the two treatment groups, it might 
have lacked the power to detect a smaller effect, which 
might be the reason why this study failed to observe a 
significant difference between the two treatment groups. 
The IMT progression rate observed for the conventional 
treatment group in our study was lower than the value 
expected based on a report by Yokoyama et al. [30] One 
possible explanation for this is that the mean HbA1c 
level (= 7.3%) in our control group was relatively better 
than that (= 7.9%) in the study by Yokoyama et al. since 
it comprised the results of meta-analysis of multiple 
studies conducted in early 2000s, which since then, the 
standard treatments of diabetes have improved. In addi-
tion, drugs anticipated to have vascular protective effects 
are currently being used more proactively. This may 
have resulted in a significant decrease in IMT progres-
sion rates in diabetic patients compared to rates during 
early 2000s. In addition, unlike Yokoyama et al., our par-
ticipants were patients with no history of CVD; which it 
may be also related to a smaller IMT progression rate.
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Fourth, there may have been measurement errors in 
IMT due to inter-sonographer differences, which were 
not evaluated in this study. However, IMT was meas-
ured by the same expert sonographer in each institution 
throughout all the visits based on the study protocol. 
In addition, we did not find significant heterogeneity in 
changes in IMT among institutions (data not shown).

Fifth, subjects in this study were Japanese patients with 
T2DM, a cohort with relatively low CV risks. Therefore, 
it would be premature to generalize our findings to other 
racial or ethnic groups. Furthermore, the average BMI 
of the study subjects was relatively high (27.0 ± 5.8  kg/
m2 in the tofogliflozin and 27.0 ± 4.6  kg/m2 in the con-
ventional group), since average BMI of Japanese patients 
with T2DM is approximately 25 kg/m2. Thus, there might 
have been some bias in the patient selection process dur-
ing enrollment.

Finally, multiple statistical analyses were performed 
on these subjects, which would generate false-positive 
results derived from multiple testing. Thus, secondary 
endpoint results should be interpreted with caution.

Conclusion
We found no differences in IMT change between the 
tofogliflozin and conventional treatment groups. How-
ever, tofogliflozin is a safe and effective treatment option 
for managing primary CVD risk factors, including high 
blood glucose levels in T2DM patients without apparent 
CVD.
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