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Abstract
The incidence of nonalcoholic fatty liver disease (NAFLD) has recently in-
creased and is related to obesity and the associated surge in type 2 diabetes 
mellitus (T2DM) and metabolic syndromes. This trial follows up on our previ-
ous work and forms part of the ToPiND study. We aimed to combine tofogliflo-
zin and pioglitazone treatment for hepatic steatosis in patients with NAFLD 
and T2DM. In this open-label, prospective, single-center, randomized clinical 
trial, patients with NAFLD with T2DM and a hepatic fat fraction of ≥10% were 
assessed based on magnetic resonance imaging proton density fat fraction. 
Eligible patients received either 20 mg tofogliflozin or 15–30 mg pioglitazone 
orally, once daily for 24 weeks, followed by combination therapy with both 
medicines for an additional 24 weeks. The effects on diabetes mellitus and 
hepatic steatosis were examined at baseline and after the completion of 
monotherapy and combination therapy. Thirty-two eligible patients received 
the combination therapy of tofogliflozin and pioglitazone. The combination 
therapy showed additional improvement in glycated hemoglobin compared 
with each monotherapy group and showed improvement in steatosis, hepatic 
stiffness, and alanine aminotransferase levels compared with the tofogliflozin 
monotherapy group. Pioglitazone monotherapy–mediated increase in body 
weight decreased following concomitant use of tofogliflozin. The combination 
therapy resulted in lower triglyceride, higher high-density lipoprotein choles-
terol, higher adiponectin, and higher ketone body levels. Conclusion: In ad-
dition to the additive effects of tofogliflozin and pioglitazone in patients with 
T2DM and NAFLD, combination therapy was suggested to reduce weight 
gain and induce cardioprotective effect. Further studies with more patients 
are needed to investigate the combination therapy of various drugs.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most 
common liver disease with a prevalence rate of 25.2% 
globally, 29.6% in Asia, and 25.5% in Japan.[1–3] NAFLD 
is a reflection of adipose tissue dysfunction and insulin 
resistance and is associated with other risk factors for 
metabolic syndrome.[1,4–7]

NAFLD is a liver-specific disease and a mediator of 
several other diseases. Previous data support a bidirec-
tional association between NAFLD and type 2 diabe-
tes mellitus (T2DM). Several studies have consistently 
reported that individuals with NAFLD are at a higher 
risk of developing T2DM.[8,9] Additionally, patients with 
T2DM frequently acquire NAFLD and are at a higher 
risk of developing nonalcoholic steatohepatitis (NASH) 
than those without diabetes.[10]

In the last three decades, along with obesity and 
T2DM, NAFLD has been the only liver disease with a 
high prevalence rate.[11] The current cornerstones of 
NASH therapy include lifestyle interventions, such as 
caloric restriction and exercise, which can be difficult 
to achieve and maintain, underscoring the dire need 
for pharmacotherapy. However, there are no pharma-
cotherapies approved for NASH by the Federal Drug 
Administration or the European Medicines Agency.

The development of drugs for the treatment of NASH 
can broadly be divided into two approaches: One ap-
proach is to divert and use existing drugs approved for 
other diseases or adopt a drug repositioning/repurpos-
ing strategy in which clinical trial–tested drugs that are 
known to have a basic safety profile are used. Among 
them, antidiabetic drugs are the most studied be-
cause of the similarity in pathogenesis of diabetes with 
NAFLD.[12] The other approach is to initiate research 
and development of new drugs that can effectively 
treat NASH/NAFLD. Several drugs for the treatment of 
NASH/NAFLD are in phase 2 and 3 trials but are still far 
away from approval.[13]

Currently, international guidelines for NAFLD/NASH 
recommended pioglitazone, a peroxisome proliferator-
activated receptor gamma agonist, as an antidia-
betic agent for NASH associated with diabetes.[14,15] 
Glucagon-like peptide-1 receptor agonists and sodium-
glucose co-transporter-2 (SGLT-2) inhibitors are actively 
being investigated as candidates for pharmacotherapy, 
as recently recommended by clinical practice guide-
lines from the Japan Society of Gastroenterology and 
the Japan Society of Hepatology.[16] The effect of the 
combination of different antidiabetic drugs on NAFLD 
is still unresolved. These combinations include peroxi-
some proliferator-activated receptor gamma agonists 
and glucagon-like peptide-1 receptor agonists; SGLT-2 
inhibitors and glucagon-like peptide-1 receptor ago-
nists; and glucagon-like peptide-1 receptor agonist and 
pioglitazone. In the present study, we investigated the 
effectiveness of combination therapy with tofogliflozin 

and pioglitazone, compared with that of monother-
apy, for the treatment of NAFLD in patients with T2DM 
(ToPiND study). This study is part of the ToPiND study, 
in which we already investigated the effect of tofogli-
flozin and pioglitazone on NAFLD.[17,18] With this study, 
we are assessing whether the combination of the two 
drugs is more efficacious than either one on its own.

RESEARCH DESIGN AND METHODS

Study design and patients

The study design, study schedule, and outcomes of 
the ToPiND study have been previously described in 
detail.[17] A previous study compared the therapeutic 
effects of pioglitazone and tofogliflozin monotherapy 
in patients with NAFLD with T2DM within the first 
24 weeks.[18] The current study constituting the second 
half of the ToPiND study was an open-label, prospec-
tive, single-center, randomized study that investigated 
the effectiveness of the combination of tofogliflozin and 
pioglitazone in treating hepatic steatosis in patients with 
NAFLD and T2DM for 24 weeks after the 24th week of 
monotherapy completion.[17] The study protocol com-
plied with the principles of the Declaration of Helsinki 
and the Ethics Guidelines for Clinical Research pub-
lished by the Ministry of Health, Labor, and Welfare of 
Japan. The study protocol was approved before the 
initiation of the study by the Yokohama City University 
Certified Institutional Review Board on October 19, 
2017 (approval number: CRB318007). This trial has 
been registered in the Japan Registry of Clinical 
Trials (jRCTs031180159). Trial results were reported 
in accordance with the guidelines provided by the 
Consolidated Standards of Reporting Trials 2010.

The flowchart of the study is shown in Figure S1. 
Eligible patients were within the age group of 20–
74 years with NAFLD and T2DM. Key inclusion cri-
teria were as follows: glycated hemoglobin (HbA1c) 
levels ≥ 6.5%, alanine transaminase (ALT) levels be-
yond the institutional standard level (42 IU/L for men 
and 23 IU/L for women), and liver fat values ≥10% 
on magnetic resonance imaging proton density fat 
fraction (MRI-PDFF) at baseline. Patients were ex-
cluded if they used other medications like SGLT-2 
inhibitors, thiazolidinedione, insulin, glucagon-like 
peptide-1 receptor agonists, or vitamin E. In princi-
ple, changes in the T2DM medication, like adding, 
discontinuing, or changing the dosage, were not 
allowed throughout the study period. The present 
open-label, prospective, randomized study included 
40 adult patients from the Yokohama City University 
Hospital. The method for calculating the sample size 
was described in a previous paper.[18] Between March 
30, 2018, and December 13, 2019, 42 patients were 
screened, and 40 eligible patients were randomly 
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assigned to receive tofogliflozin 20 mg (n = 21) or pi-
oglitazone 15–30 mg (n = 19) as monotherapy for the 
first 24 weeks. Patients who completed 24 weeks of 
monotherapy and met the inclusion criteria were stud-
ied for an additional 24 weeks to determine the effects 
of the combination therapy. The combination therapy 
was initiated if HbA1c was 6.0% or higher (6.5% or 
higher if aged 65 years or older and on sulfonylurea) 
at the end of 24 weeks of monotherapy. Of the pa-
tients who received tofogliflozin and pioglitazone as 
the first monotherapy, 20 and 12 patients (total of 32 
patients) received combination therapy, respectively. 
All patients provided written, informed consent before 
participating in the study.

Randomization

As previously stated, randomization was performed 
during the allocation of pioglitazone and tofogliflozin 
monotherapy in the first 24 weeks.[17,18] Briefly, the 
principal investigator or co-investigator completed the 
patient enrollment form for eligible patients (primary 
registration); then, patients with ≥10% liver fat con-
tent on MRI-PDFF were randomly assigned to the to-
fogliflozin or pioglitazone groups, stratified by HbA1c 
levels (<7%, ≥7.0%), ALT levels (<50 IU/L, ≥50 IU/L), 
and MRI-PDFF values (<20%, ≥20%) (definitive reg-
istration). Eligible patients were randomly assigned 
equally (1:1) to receive 20 mg tofogliflozin or 15–
30 mg pioglitazone orally, once daily. Randomization 
was performed using a computer-generated, cen-
trally administered procedure, using a minimization 
method. Patients were allocated to each treatment 
group through the central registration system, and 
both the physician and patient were aware of the al-
located treatment. Patients with HbA1c ≥ 6.0% (≥6.5% 
in those older than 65 years, and those using sulfo-
nylurea or rapid insulin secretagogue) after 24 weeks 
of monotherapy received combination of tofogliflozin 
and pioglitazone for another 24 weeks.

Procedures

After randomization, physical examinations and blood 
tests were performed (with fasting for 8 h) before and 
at 12, 24, 36, and 48 weeks after drug administration. 
The diet was standardized according to the guidelines 
provided by a comprehensive lifestyle approach.[14] 
MRI-PDFF and magnetic resonance elastography 
liver stiffness measurements (MRE-LSM) were per-
formed at baseline, at 24 weeks (end of monother-
apy), and at 48 weeks (end of combination therapy). 
MRI-PDFF and MRE-LSM results were interpreted by 
an independent, blinded, liver specialist according to 
a method reported previously.[19] Magnetic resonance 

imaging was performed using standardized instru-
ments at high field strength (Discover MR750 3.0 T; 
GE Healthcare, Japan) without oral or intravenous 
contrast.

Outcomes

The primary endpoint of the change in hepatic steatosis 
was evaluated using MRI-PDFF at 0 weeks (before treat-
ment), 24 weeks (end of monotherapy with tofogliflozin 
or pioglitazone), and 48 weeks (end of combination 
therapy with tofogliflozin and pioglitazone). The sec-
ondary endpoints were changes in MRI-LSM, HbA1c, 
fasting glucose, homeostasis model assessment–
estimated insulin resistance, body weight, serum ALT 
levels, lipid panel (i.e., total cholesterol, low-density 
lipoprotein cholesterol, triglycerides, and high-density 
lipoprotein cholesterol), and hepatic fibrosis markers 
(type IV collagen 7S and Wisteria floribunda agglutinin–
positive Mac-2 binding protein glycosylation isomers),  
cytokeratin-18 fragment M30, adiponectin, ketone body 
fraction (acetoacetic acid and 3-hydroxybutyric acid), 
and urinary 8-hydroxydeoxyguanosine.

Body weight, serum ALT, fasting glucose, and HbA1c 
levels were measured at 0, 12, 24, 36, and 48 weeks. 
The homeostasis model assessment–estimated in-
sulin resistance, lipid panel, and uric acid levels were 
measured at the Yokohama City University Hospital 
at weeks 0, 24, 48. Fibrosis markers (type IV colla-
gen 7S and Wisteria floribunda agglutinin–positive 
Mac-2 binding protein glycosylation isomers), urinary 
8-hydroxydeoxyguanosine, adiponectin, and ketone 
body fraction (acetoacetic acid and 3-hydroxybutyric 
acid) were measured at a local laboratory (SRL, Tokyo, 
Japan) at weeks 0, 24, and 48.

Adverse events

Adverse events (AEs) were graded according to the 
National Cancer Institute Common Terminology Criteria 
for Adverse Events, version 4.0. All AEs that occurred 
during the study were recorded in a case report form, 
which included information regarding the symptom/dis-
ease, its onset and end date, severity and seriousness, 
investigator's opinion regarding the association with to-
fogliflozin/pioglitazone treatment, action taken regard-
ing tofogliflozin/pioglitazone use, treatment provided 
for AE, cause of the event, and resolution/outcome. 
AEs were followed up until normalization was achieved. 
In cases in which the AEs were irreversible, follow-up 
was performed until the symptoms were stable. If the 
investigator or co-investigator judged the AE as recov-
ered or considered it to have no association with the 
study outcomes, it was not followed up and the reasons 
were mentioned in the medical records.
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Criteria for discontinuation of treatment

Treatment was discontinued if the HbA1c level in-
creased by >1.0% after initiation of medication, aspar-
tate transaminase or ALT levels increased by >3-fold 
of that before medication, the patient became ineligible 
for the trial, medication compliance was <75%, continu-
ous medical examination became challenging due to 
severe AEs, and in case of pregnancy. Treatment was 
also discontinued if the participant requested discon-
tinuation, if the medication had to be combined with 
prohibited medicine because of deterioration of the 
primary disease or its complications, or if the doctor 
decided that discontinuation was appropriate for other 
reasons.

Statistical analyses

Per protocol, set analyses were performed to evaluate 
the primary and secondary endpoints. Those who seri-
ously violated the research plan (e.g., those who did not 
provide consent and those with registration dates be-
yond the registration period) were excluded. During per 
protocol set analysis, we excluded patients with serious 
violations of inclusion and exclusion criteria, patients 
using prohibited drugs, and those with a compliance 
rate of >120% or <75%. Data from the remaining pa-
tients were analyzed.

The patients who had registered in the study started 
treatment as assigned, and those who underwent part 
of or all treatments comprised the target population 
for safety analysis. The statistical significance of the 
changes between the groups was evaluated for the 
endpoints. The chi-square test was used for compari-
sons between different groups, and the paired t test was 
used for comparisons between the same groups, with 
p < 0.05 considered significant. Medical statisticians 
developed a statistical analysis plan and specified the 
details of the statistical methods used for handling the 
data. The plan was prepared before data collection. 
John's Macintosh Project Pro version 15.0 was used 
for all analyses.

RESULTS

Patient baseline characteristics

Figure 1 shows an outline of the trial. Table 1 lists the 
baseline (before receiving monotherapy) character-
istics of the 32 patients who eventually received the 
combination therapy. The baseline (0 week) mean ± SD 
of age, HbA1c, and body mass index (BMI) before 
monotherapy age were 58.5 ± 10.7 years, 7.27 ± 0.80%, 
and 30.3 ± 5.04 kg/m2, respectively. The mean ± SD of 
HbA1c and BMI before combination therapy (24 weeks) 
were 6.78 ± 0.73% and 29.9 ± 5.07 kg/m2, respectively.

F I G U R E  1   Outline of the trial
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TA B L E  1   Baseline characteristics of the patients

Initial treatment before combination therapy

p valueTofogliflozin group (n = 20) Pioglitazone group (n = 12)

Age (years) 58.6 ± 12.5 58.3 ± 7.5 0.9305

Men, n (%) 12 (60) 6 (50) 0.5810

Weight (kg) 77.9 ± 15.8 82.9 ± 15.5 0.3885

BMI (kg/m2) 29.6 ± 4.9 31.5 ± 5.3 0.3111

Waist circumference (cm) 100.8 ± 10.3 103.7 ± 11.4 0.4625

Albumin (g/dl) 4.45 ± 0.26 4.46 ± 0.22 0.8818

AST (IU/ml) 53.0 ± 23.1 70.1 ± 43.5 0.1556

ALT (IU/ml) 82.2 ± 39.7 82.2 ± 22.1 0.9989

ALP (IU/ml) 252.3 ± 70.7 286.5 ± 88.0 0.2356

GGT (IU/ml) 64.9 ± 26.0 103.8 ± 134.5 0.2145

CHE (IU/ml) 382.6 ± 40.4 388.3 ± 45.4 0.7106

Creatinine (mg/dl) 0.74 ± 0.17 0.75 ± 0.16 0.9009

eGFR (ml/min/1.73 m2) 78.3 ± 15.8 73.7 ± 9.4 0.3625

FPG (mg/dl) 144.1 ± 51.5 151.1 ± 46.8 0.7016

HbA1c (%) 7.24 ± 0.90 7.33 ± 0.64 0.7434

HOMA-IR 6.53 ± 4.32 7.26 ± 5.06 0.6710

Total cholesterol (mg/dl) 190.6 ± 33.0 190.8 ± 27.0 0.9801

Triglycerides (mg/dl) 153.0 ± 64.9 150.7 ± 62.6 0.9213

HDL cholesterol (mg/dl) 56.7 ± 12.3 56.7 ± 16.8 0.9949

LDL cholesterol (mg/dl) 112.6 ± 28.2 112.3 ± 26.0 0.9829

Systolic blood pressure (mmHg) 133.2 ± 10.8 143.0 ± 23.5 0.1173

Diastolic blood pressure (mmHg) 84.5 ± 11.4 88.3 ± 15.5 0.4017

Uric acid (mg/dl) 5.74 ± 1.06 5.62 ± 0.94 0.7425

Platelet count (×103/μl) 251.2 ± 61.0 238.8 ± 72.5 0.6077

MRI-PDFF (%) 17.0 ± 5.6 16.5 ± 6.0 0.8347

MRE-LSM (kPa) 3.01 ± 0.85 3.57 ± 1.56 0.1974

WFA+-M2BP (COI) 0.80 ± 0.41 1.03 ± 0.59 0.1989

Type IV collagen 7S (ng/ml) 4.36 ± 1.03 4.17 ± 1.47 0.6739

Uric 8-OHdG (ng/ml) 18.2 ± 10.0 17.2 ± 11.1 0.7893

Adiponectin (μg/ml) 5.08 ± 3.26 7.03 ± 3.04 0.1047

Acetoacetic acid (μmol/L) 32.5 ± 22.9 35.6 ± 21.0 0.7066

3-Hydroxybutyric acid (μmol/L) 64.3 ± 50.2 67.8 ± 70.1 0.8675

Ketone body (μmol/L) 96.8 ± 72.6 103.4 ± 88.7 0.8186

CK18 fragment M30 (U/L) 719.3 ± 520.1 668.7 ± 370.9 0.7511

Medication of diabetes (n)

Metformin 8 4

DPP-4 inhibitor 7 3

Sulfonylurea 4 1

Alpha-GI 1 0

Note: Data are presented as mean ± SD; *p < 0.05.
Abbreviations: 8-OHdG, 8-hydroxy-deoxyguanosine; ALP, alkaline phosphatase; AST, aspartate transaminase; BMI, body mass index; CK-18, cytokeratin 
18; CHE, cholinesterase; COI, cutoff index; DPP-4, dipeptidyl peptidase-4; eGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose; GGT, 
gamma-glutamyl transpeptidase; GI, glucosidase inhibitor; HDL, high-density lipoprotein; LDL, low-density lipoprotein; LSM, liver stiffness measurement.
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Changes in intrahepatic fat content and 
liver tests

The effect in hepatic steatosis after 24 weeks of 
monotherapy with tofogliflozin or pioglitazone, and 
combination therapy with tofogliflozin and piogl-
itazone, were evaluated using MRI-PDFF at 0, 24, 
and 48 weeks (Table  2, Figure  2A). The 24-week 
tofogliflozin or pioglitazone monotherapy showed 
an improvement in MRI-PDFF of −3.38 ± 4.90% 
(p = 0.0061) and −5.56 ± 3.92% (p = 0.0005), respec-
tively. The combination therapy with tofogliflozin and 
pioglitazone, 24 weeks after monotherapy, showed 
an improvement in MRI-PDFF of −5.98 ± 4.70% from 
baseline (p < 0.0001) (Figure  2A). The combina-
tion therapy further improved MRI-PDFF by −2.60% 
and −0.42%, when pioglitazone was added to initial 
treatment with tofogliflozin and when tofogliflozin was 
added to initial treatment with pioglitazone, respec-
tively. When tofogliflozin was used as the first-line 
therapy and pioglitazone was subsequently added, 
the combination therapy showed a significant addi-
tional improvement over monotherapy (Figure 2B).

Changes in ALT levels were measured at 0, 12, 
and 24 weeks of the monotherapy, and at 36 and 
48 weeks of the combination therapy. The tofogliflozin 
monotherapy, pioglitazone monotherapy, and com-
bination therapy showed an improvement in ALT lev-
els of −19.3 ± 34.5 IU/L (p  =  0.0219), −34.0 ± 21.0 IU/L 
(p  =  0.0002), and −35.7 ± 29.9 IU/L (p < 0.0001) from 
baseline, respectively (Figure  2C). When tofogliflozin 
was used as first-line therapy and pioglitazone was 
subsequently added, the combination therapy showed 
a significant additional improvement over monotherapy 
in ALT levels (Table 2, Figure 2D).

Changes in liver stiffness and hepatic 
fibrosis markers

The effect on liver stiffness measurement after 24 weeks 
of monotherapy with tofogliflozin or pioglitazone, and 
combination therapy with tofogliflozin and pioglitazone, 
were evaluated using magnetic resonance elastog-
raphy at 0, 24, and 48 weeks (Table  2, Figure  3A,B). 
The 24-week tofogliflozin or pioglitazone monotherapy 
showed MRE-LSM of −0.11 ± 0.42 kPa (p  =  0.2380) 
and −0.43 ± 0.61 kPa (p  =  0.00364), respectively. The 
combination therapy of pioglitazone and tofogliflo-
zin after 24 weeks that followed monotherapy showed 
MRE-LSM of −0.40 ± 0.54 kPa (p  =  0.0002) (Table  2, 
Figure  3A). The monotherapy with tofogliflozin for 
24 weeks did not significantly reduce MRE-LSM, while 
pioglitazone monotherapy or combination therapy with 
pioglitazone showed a significant reduction in MRE-
LSM (Table 2, Figure 3B).

Wisteria floribunda agglutinin–positive Mac-2 
binding protein showed significant improvement 
during monotherapy with tofogliflozin at 24 weeks, 
pioglitazone at 24 weeks, and combination ther-
apy with pioglitazone and tofogliflozin (−0.09 ± 0.15, 
−0.20 ± 0.24, and −0.19 ± 0.18), respectively (Table 2, 
Figure 3C). Type IV collagen 7S showed no improve-
ment during monotherapy with tofogliflozin or piogl-
itazone at 24 weeks but was significantly improved 
during the combination therapy with tofogliflozin and 
pioglitazone (−041 ± 0.95 ng/ml; p = 0.0193) (Table 2, 
Figure 3D).

Changes in body weight, glycemic and 
metabolic parameters

There was a contrast in weight change during treat-
ments with tofogliflozin and pioglitazone. Compared 
with the baseline measurement, the body weight de-
creased significantly by −3.25 ± 3.34 kgs (−4.14% from 
baseline) in the tofogliflozin group (p = 0.0004) and in-
creased significantly by 2.46 ± 3.67 kgs (+3.34% from 
baseline) in the pioglitazone group after 24 weeks 
of treatment (p = 0.0341) (Figure 3A). After the com-
bination therapy with tofogliflozin and pioglitazone, 
the weight change was −0.79 ± 4.73 kg from base-
line (−0.70 ± 5.91%; p  = 0.2306) (Table 2, Figure 4A). 
The changes in weight every 3 months are shown in 
Figure 4B.

The main effect on glycemic control after 
24 weeks of monotherapy with tofogliflozin or piogl-
itazone, and combination therapy with tofogliflozin 
and pioglitazone, were evaluated using HbA1c val-
ues. Twenty-four weeks of tofogliflozin or pioglita-
zone monotherapy showed HbA1c of −0.36 ± 0.47% 
(p = 0.0027) and −0.73 ± 0.75% (p = 0.0014), respec-
tively. The combination therapy with tofogliflozin and 
pioglitazone after 24 weeks of monotherapy showed 
a change of −0.80 ± 0.71% from baseline (p < 0.0001) 
(Table  2, Figure  4C). The changes in HbA1c levels 
every 3 months are shown in Figure 4D. A decrease 
in homeostasis model assessment–estimated in-
sulin resistance was observed in the combination 
therapy group, but no change in homeostasis model 
assessment–estimated insulin resistance was ob-
served in the tofogliflozin or pioglitazone monother-
apy groups (Table 2).

Triglyceride-lowering and high-density lipoprotein–
raising effects were observed only in the pioglitazone-
treated group, but no effect was observed in the 
tofogliflozin-treated group (Table 2). In the combination 
therapy group, triglyceride-lowering and high-density 
lipoprotein–increasing effects were observed. In con-
trast, uric acid–lowering effect was observed in the 
tofogliflozin and the combination therapy group, while 
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no therapeutic effect was observed in the pioglitazone 
group (Table 2).

Changes in oxidative stress, adiponectin, 
cytokeratin −18 fragment, and  
pro-ketogenic markers

The urinary 8-hydroxydeoxyguanosine level, a marker 
of oxidative stress, decreased significantly in both 
tofogliflozin and pioglitazone groups (−8.93 ng/ml 
and −6.61 ng/ml, respectively). In the combination ther-
apy group, the 8-hydroxydeoxyguanosine levels were 
also significantly decreased (Table  2). Adiponectin, a 
key adipocytokine in metabolic syndrome, increased 
significantly in both tofogliflozin and pioglitazone 
groups (+0.40 and +7.21 mg/ml, respectively). An in-
crease in adiponectin levels was also observed in the 
combination therapy group (Table 2).

The cytokeratin-18 fragment M30 antigen, which 
correlates with the magnitude of hepatocyte apopto-
sis and independently predicts the presence of NASH, 
decreased significantly in the pioglitazone group 

(−252.1 U/L; p = 0.0156) and in the combination therapy 
group (Table 2).

The ketone bodies, acetoacetate, and 
3-hydroxybutyrate levels tended to increase in the 
tofogliflozin-treated group, although the difference 
was not significant. These factors were significantly 
increased in the combination therapy group (Table 2).

Adverse events

In the present study, no AEs were reported during the 
24-week combination therapy with tofogliflozin and 
pioglitazone.

DISCUSSION

In this prospective, randomized trial, we found that the 
combination therapy with tofogliflozin and pioglitazone 
could be a more effective and safer pharmacological 
therapy than monotherapy in patients with NAFLD. We 
previously reported a head-to-head study, comparing 

F I G U R E  2   Changes in intrahepatic fat content and liver tests. (A) Magnetic resonance imaging proton density fat fraction (MRI-PDFF) 
changes compared between baseline and tofogliflozin monotherapy, pioglitazone monotherapy, and combination of tofogliflozin and 
pioglitazone. (B) Change in MRI-PDFF after 24 weeks and 48 weeks of monotherapy and combination therapy, listed by initial monotherapy. 
(C) Alanine transaminase (ALT) level changes compared between baseline and tofogliflozin monotherapy, pioglitazone monotherapy, and 
combination of tofogliflozin and pioglitazone. (D) Change in ALT levels after 12 weeks (monotherapy), 24 weeks (monotherapy), 36 weeks 
(combination therapy), and 48 weeks (combination therapy), listed by initial monotherapy
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the effects of pioglitazone versus tofogliflozin mono-
therapies in patients with NAFLD with T2DM[18]; both 
tofogliflozin and pioglitazone 24-week monotherapies 
improved hepatic steatosis measured by MRI-PDFF, 
and no statistically significant difference was observed 
between the two treatments.[18] The effect of combina-
tion therapy with tofogliflozin and pioglitazone resulted 
in further improvement in HbA1c levels. In addition, 
pioglitazone was effective in improving hepatic steato-
sis, as evidenced by MRI-PDFF and decreasing ALT 
levels. Regarding liver fibrosis, both tofogliflozin and 
pioglitazone monotherapies showed an improvement 
in Wisteria floribunda agglutinin–positive Mac-2 bind-
ing protein, but no decrease in serum type IV collagen 
7S domain. Furthermore, only the pioglitazone mono-
therapy group showed an improvement in MRE-LSM. 
In the combination therapy group, all fibrosis markers 
(Wisteria floribunda agglutinin–positive Mac-2 binding 
protein and type IV collagen 7S) and MRE-LSM signifi-
cantly improved compared with those of the baseline. 
The combination therapy also reduced oxidative stress 
(urinary 8-hydroxydeoxyguanosine) and cytokeratin-18 

fragments, which are thought to be involved in the 
pathogenesis of NASH. This result is clinically impor-
tant because hepatic fibrosis is the most important pre-
dictor of clinical outcomes in patients with NASH.[20–26]

Pioglitazone is a peroxisome proliferator-activated 
receptor gamma agonist that is thought to improve 
NAFLD by reducing the size of hypertrophic adipo-
cytes, improving insulin resistance, and inducing adi-
ponectin expression. In a large randomized controlled 
trial of 24 weeks of treatment, pioglitazone was found to 
reduce serum liver enzymes, histological hepatic ste-
atosis, hepatocyte ballooning, and inflammation.[27] At 
3-year long-term follow-up, 58% of patients maintained 
improvement in NASH histologically, and 51% had res-
olution of NASH.[28] Therefore, the international guide-
lines for the treatment of NAFLD/NASH recommended 
pioglitazone as the first-line pharmacological treatment 
for NAFLD complicated with T2DM.[14,15] However, be-
cause of side effects such as weight gain, further veri-
fication is required.

SGLT-2 inhibitors inhibit glucose reabsorption in 
the proximal tubule, resulting in increased glucose 

F I G U R E  3   Changes in liver stiffness and hepatic fibrosis markers. (A) Magnetic resonance elastography liver stiffness measurements 
(MRE-LSM) changes compared between baseline and tofogliflozin monotherapy, pioglitazone monotherapy, and combination therapy of 
tofogliflozin and pioglitazone. (B) Change in MRE-LSM after 24 weeks and 48 weeks of monotherapy, and combination therapy, listed by 
initial monotherapy. (C) Wisteria floribunda agglutinin–positive Mac-2 binding protein (WFA + −M2BP) changes compared between baseline 
and tofogliflozin monotherapy, pioglitazone monotherapy, and combination therapy of tofogliflozin and pioglitazone. (D) Type IV collagen 
7S changes compared between baseline and tofogliflozin monotherapy, pioglitazone monotherapy, and combination of tofogliflozin and 
pioglitazone
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excretion in the urine and decreased glucose levels 
in the plasma. The resultant glycemia-lowering effect 
is insulin-independent.[29] Although further research is 
needed to identify the mechanisms by which SGLT-2 
inhibitors affect fatty liver and steatohepatitis, several 
trials in patients with T2DM have suggested that these 
drugs may be useful in treating both T2DM and NAFLD 
or NASH.[18,30–37] The proposed mechanism explain-
ing the action of SGLT-2 inhibitors in NAFLD/NASH is 
based on the reduction in plasma glucose due to glu-
cosuria, reversal of glucotoxicity, and reduction in circu-
lating insulin and body weight. These collectively result 
in decreased peripheral and hepatic insulin resistance, 
and lead to the reduction of de novo lipogenesis in the 
liver.[38]

In this study, in addition to improving hepatic ste-
atosis, fibrosis, and ALT levels, the combination of to-
fogliflozin and pioglitazone showed some interesting 
findings. The most important feature of the combina-
tion therapy is that the weight-gain effect of pioglita-
zone is suppressed by tofogliflozin. A recent preclinical 
study using a mouse model of T2DM showed that a 
combination of the SGLT-2 inhibitor ipragliflozin and 

pioglitazone significantly improved multiple NASH pa-
rameters, including hyperglycemia, insulin resistance, 
hyperlipidemia, and liver injury (hepatic steatosis and 
fibrosis). Moreover, compared with the pioglitazone-
treated group, mice in the combined treatment group 
showed decreased body and visceral fat weight with-
out affecting food consumption.[39] The combination 
therapy of tofogliflozin and pioglitazone showed the 
following effects: lowering triglycerides; increasing 
high-density lipoprotein, which were significant only for 
pioglitazone; and lowering uric acid levels, which were 
observed only for tofogliflozin. In addition, the combi-
nation therapy of tofogliflozin and pioglitazone showed 
an increase in ketone bodies and an improvement in 
insulin resistance that were not observed or were not 
significantly different from those after monotherapy.

Cardiovascular disease has been reported as the 
most important cause of death, followed by non-liver 
malignancy, and complications of cirrhosis (along with 
hepatocellular carcinoma and liver transplantation) in 
patients with NAFLD.[21,40,41] SGLT-2 inhibitors have 
several other beneficial clinical effects, such as re-
ducing the risk of cardiovascular and renal diseases, 

F I G U R E  4   (A) Changes in body weight and glycated hemoglobin (HbA1c). Body weight changes compared between baseline and 
tofogliflozin monotherapy, pioglitazone monotherapy, and combination therapy of tofogliflozin and pioglitazone. (B) Changes in body 
weight after 12 weeks (monotherapy), 24 weeks (monotherapy), 36 weeks (combination therapy), and 48 weeks (combination therapy), 
listed by initial monotherapy. (C) HbA1c changes compared between baseline and tofogliflozin monotherapy, pioglitazone monotherapy, 
and combination of tofogliflozin and pioglitazone. (D) Change in HbA1c after 12 weeks (monotherapy), 24 weeks (monotherapy), 36 weeks 
(combination therapy), and 48 weeks (combination therapy), listed by initial monotherapy
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in addition to reducing hyperglycemia.[42,43] The car-
diovascular effect of SGLT-2 inhibitors is attributed to 
their early-onset hemodynamic effects, such as re-
duced blood pressure, decreased intravascular vol-
ume, and reduced aortic stiffness. Pioglitazone has 
also been shown to exert cardioprotective effects, 
albeit via mechanisms very different from those of 
SGLT-2 inhibitors.[44,45] Pioglitazone exerts a robust 
protective effect against atherosclerosis-driven car-
diac and cerebrovascular events. In preclinical and 
clinical studies, pioglitazone reduced left ventricu-
lar systolic and diastolic dimensions and improved 
left systolic and diastolic functions. Pioglitazone 
also directly benefits cardiomyocyte electrophysiol-
ogy, energy metabolism, ischemia–reperfusion in-
jury, cardiac remodeling, neurohormonal activation, 
and pulmonary circulation. In the present study, the 
combination of tofogliflozin and pioglitazone showed 
multiple effects that may act to reduce the cardiovas-
cular disease preventive effects, such as decreasing 
triglyceride, decreasing uric acid levels, increasing 
high-density lipoprotein cholesterol, increasing adi-
ponectin, and increasing ketone bodies.[46,47] Thus, it 
is expected that this combination could result in addi-
tive benefits for the prevention of cardiovascular dis-
ease compared with monotherapy.

No serious side effects were observed in this study. 
The fact that no side effects such as edema occurred in 
32 patients, 20 of whom were newly induced with piogl-
itazone, suggests that the side effects may have been 
offset by the diuretic effect of the SGLT-2 inhibitors.

One of the strengths of this study is that although 
there have been many articles on the effects of indi-
vidual diabetes drugs, no studies have prospectively 
examined combination therapy. In particular, the com-
bination of SGLT-2 inhibitors, glucagon-like peptide-1 
analogs, and thiazolidinediones is clinically valuable. 
In addition, MRI-PDFF to assess fatty deposits in the 
liver and magnetic resonance elastography to assess 
fibrosis in the liver, which were used in this study, are 
the most reliable noninvasive diagnostic methods that 
currently exist.[19,26]

This study has several limitations. First, the sample 
size is relatively small. The sample size was originally 
calculated for a single-agent head-to-head trial, and 
the final sample size was 32, because of the exclu-
sion of patients who did not require additional drugs 
when they were transferred to the combination therapy 
group. Indeed, the potential lack of diversity associated 
with small sample sizes may have affected our obser-
vations, and further research should establish whether 
our findings are applicable to other patient populations. 
Second, the duration of drug treatment itself is longer 
due to the addition of drugs to monotherapy regimens. 
Hence, it is impossible to distinguish the effect of the 
combination of drugs from the effect of long-term treat-
ment. We should therefore emphasize that the reported 

observations are only reflecting the patient groups that 
have completed the combination therapy, and should 
be interpreted in this context when compared with our 
previous study that described the therapeutic effects of  
24-week long pioglitazone and tofogliflozin mono-
therapy in patients with NAFLD with T2DM.[17] Third, 
because this was an open-label study without pla-
cebo, there is a possibility that factors, such as the 
Hawthorne effect, may have improved diabetes and 
NAFLD. Fourth, no liver biopsy or histological evalua-
tion was performed in this study.

T2DM was reported to be the strongest contributor 
to cirrhosis and hepatocellular carcinoma in patients 
with NAFLD/NASH.[48] The co-existence of these two 
conditions is well known; the association is driven by a 
bidirectional pathological relationship whereby NAFLD 
increases the risk of T2DM, which contributes to, and 
accelerates the progression of, NAFLD. In the United 
States, 18.2 million people are estimated to have 
NAFLD with T2DM, and of those, 6.4 million (35%) have 
NASH. A recent study in the United States estimated 
that 65,000 liver transplants, 1,370,000 cardiovascular-
related deaths, and 812,000 liver-related deaths will 
occur over the next 20 years.[49] The treatment of T2DM 
in these patients may reduce the anticipated clinical 
and economic burdens.

As NASH is a complex condition involving many fac-
tors, a single target may not provide sufficient thera-
peutic effects. Therefore, the use of multiple drugs with 
different mechanisms of action may provide further 
improvement not only in the liver but also in systemic 
diseases and may reduce the side effects. In this study, 
we investigated the efficacy of tofogliflozin and pioglita-
zone combination therapy in patients with NAFLD and 
T2DM. In addition to the additive effects of tofogliflozin 
and pioglitazone on T2DM and NAFLD, it was sug-
gested that the combination therapy may reduce side 
effects, such as weight gain, and induce cardiopro-
tective effect. Further studies with increased number 
of patients are needed to investigate the combination 
therapy of various drugs.
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