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Ipragliflozin Improves the Hepatic 
Outcomes of Patients With Diabetes with 
NAFLD
Hirokazu Takahashi ,1,2 Takaomi Kessoku,3 Miwa Kawanaka,4 Michihiro Nonaka,5 Hideyuki Hyogo,5 Hideki Fujii ,6,7 
Tomoaki Nakajima,8 Kento Imajo,3 Kenichi Tanaka,1 Yoshihito Kubotsu,1 Hiroshi Isoda,2 Satoshi Oeda,2 Osamu Kurai,6  
Masato Yoneda,3 Masafumi Ono,9 Yoichiro Kitajima,1,10 Ryo Tajiri,11 Ayako Takamori,11 Atsushi Kawaguchi,12 Shinichi Aishima,13 
Masayoshi Kage,14 Atsushi Nakajima,3 Yuichiro Eguchi,2 and Keizo Anzai1

Sodium glucose cotransporter- 2 inhibitors (SGLT2is) are now widely used to treat diabetes, but their effects on non-
alcoholic fatty liver disease (NAFLD) remain to be determined. We aimed to evaluate the effects of SGLT2is on the 
pathogenesis of NAFLD. A multicenter, randomized, controlled trial was conducted in patients with type 2 diabetes 
with NAFLD. The changes in glycemic control, obesity, and liver pathology were compared between participants tak-
ing ipragliflozin (50  mg/day for 72  weeks; IPR group) and participants being managed without SGLT2is, pioglita-
zone, glucagon- like peptide- 1 analogs, or insulin (CTR group). In the IPR group (n  =  25), there were significant 
decreases in hemoglobin A1c (HbA1c) and body mass index (BMI) during the study (HbA1c, −0.41%, P  <  0.01; BMI, 
−1.06  kg/m2, P  <  0.01), whereas these did not change in the CTR group (n  =  26). Liver pathology was evaluated in 
21/25 participants in the IPR/CTR groups, and hepatic fibrosis was found in 17 (81%) and 18 (72%) participants in 
the IPR and CTR groups at baseline. This was ameliorated in 70.6% (12 of 17) of participants in the IPR group and 
22.2 % (4 of 18) of those in the CTR group (P  <  0.01). Nonalcoholic steatohepatitis (NASH) resolved in 66.7% of 
IPR- treated participants and 27.3% of CTR participants. None of the participants in the IPR group developed NASH, 
whereas 33.3% of the CTR group developed NASH. Conclusion: Long- term ipragliflozin treatment ameliorates hepatic 
fibrosis in patients with NAFLD. Thus, ipragliflozin might be effective for the treatment and prevention of NASH in 
patients with diabetes, as well as improving glycemic control and obesity. Therefore, SGLT2is may represent a thera-
peutic choice for patients with diabetes with NAFLD, but further larger studies are required to confirm these effects. 
(Hepatology Communications 2022;6:120-132).

The global prevalences of nonalcoholic fatty 
liver disease (NAFLD) and nonalcoholic ste-
atohepatitis (NASH) in the general popula-

tion have been estimated to be about 25% and 5%, 
and are increasing.(1) Furthermore, the economic 
burden of NAFLD is predicted to increase two- fold 

by 2030,(2,3) but effective pharmacological therapies 
have not been identified. There is a close interaction 
between NAFLD and diabetes. The prevalence of 
diabetes is 23% in patients with NAFLD and 47% in 
those with NASH.(4) A recent meta- analysis showed 
that the risk of type 2 diabetes is two- fold higher 
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in patients with NAFLD than in those without.(5) 
Furthermore, according to previous epidemiological 
studies, the presence of abnormal glucose metabolism 
and/or diabetes in NAFLD is associated with the 
progression of liver fibrosis and the development of 
hepatocellular carcinoma.(6) The coexistence of diabe-
tes and NAFLD accelerates the progression of both, 
and worsens hepatic outcomes and overall mortality, 
including from cardiovascular disease (CVD).(7,8)

Recent studies have shown that the severity of 
hepatic fibrosis is the most significant independent 
risk factor for mortality and liver- related complica-
tions in NAFLD.(8,9) Therefore, liver fibrosis should 
be assessed as a primary endpoint in clinical trials 
of candidate therapeutic agents. Sodium- glucose 
cotransporter 2 inhibitors (SGLT2is) are hypogly-
cemic agents that lower blood glucose concentra-
tions by inhibiting renal glucose reabsorption. The 
recent clinical trials, EMPA- REG OUTCOME and 
CANVAS Program, and their related subanalyses 
have demonstrated that the SGLT2is empagliflozin 

and canagliflozin reduce the risk of CVD and 
improve renal outcomes in diabetes.(10- 12) This has 
led to an American and European consensus to pri-
oritize the use of SGLT2is in patients with diabetes 
with insufficient glycemic control following lifestyle 
modification and metformin therapy.(13) In addi-
tion, effects of SGLT2is on NAFLD have also been 
reported. Reductions in alanine aminotransferase 
(ALT), hepatic steatosis and liver fibrosis, assessed 
using the fibrosis 4 (FIB- 4) index, have been demon-
strated,(14,15) but liver pathology has not previously 
been well evaluated, and randomized controlled trials 
have not been conducted to date. In particular, it is 
important to determine whether SGLT2is amelio-
rate liver fibrosis, which is the pathological change 
that carries the most significant risk of mortality 
in patients with NAFLD. Therefore, we conducted 
a randomized controlled trial (RCT) that aimed to 
evaluate the effect of ipragliflozin on hepatic pathol-
ogy, as well as glycemic control and obesity, in patients 
with diabetes with NAFLD.
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Materials and Methods
patients

Patients with type 2 diabetic NAFLD who had been 
clinically diagnosed by liver biopsy (first liver biopsy) 
within the preceding 6 months were recruited at seven 
sites in Japan between August 2015 and September 
2017. The inclusion criteria were as follows: (1) age 
20- 80 years; (2) histological diagnosis of NAFLD by 
the nominated study pathologists; (3) hemoglobin A1c 
(HbA1c) ≥ 6.0%; (4) no existing medication with an 
SGLT2i, pioglitazone, glucagon- like peptide- 1 (GLP- 
1) analog, or insulin; and (5) steatosis involving ≥5% 
of the hepatic parenchyma of a liver biopsy performed 
at baseline. The exclusion criteria were as follows: (1) 
presence of a severe complication of diabetes, includ-
ing severe diabetic nephropathy (estimated glomerular 
filtration rate  <30  mL/min/1.73  m2)(16) and/or dia-
betic retinopathy at a more severe stage than simple 
diabetic retinopathy; (2) diagnosis of type 1 diabetes; 
(3) history of severe CVD, including ischemic heart 
disease, chronic heart failure, cerebral infarction, and/
or peripheral vascular disorders; (4) presence of eti-
ological factors suggesting a diagnosis of a different 
liver disease, including habitual alcoholic intake (eth-
anol consumption >30 g/day and >210 g/week in men 
and >20 g/day and >140 g/week in women), positivity 
for hepatitis B surface antigen, positivity for hepati-
tis C antibody, and abnormal serum thyroid hormone 
concentration; and (5) diagnosis of autoimmune liver 
disease, drug- induced hepatotoxicity, hemochromato-
sis, or Wilson disease.

The study protocol was approved by the Clinical 
Research Ethics Review Committee in each facility 
and the Certified Review Board of Saga University 
Hospital, in accordance with the principles of the 
1975 Declaration of Helsinki, revised in 2013, the 
CONSORT 2010 Statement, and the Japanese 
Clinical Trials Act. An outline of the study protocol 
and outcomes was registered with the UMIN Clinical 
Trials Registry (UMIN000015727) and the Japan 
Registry of Clinical Trials (jRCTs071180069). All 
participants gave their written, informed consent.

stuDy Design
This multicenter, open- label RCT compared the 

use of ipragliflozin at a dose of 50  mg once a day 

(the IPR group) and a control (CTR) group who 
performed lifestyle modifications, including diet and 
exercise therapy, and/or took antidiabetic drugs, with 
the exception of SGLT2is, pioglitazone, or GLP- 1 
analogs, for 72  weeks (Fig.  1). Randomization was 
performed such that HbA1c level and body mass 
index (BMI) were matched between the groups. After 
the first liver biopsy and during the study period, 
the antidiabetic therapy was maintained, unless the 
patient demonstrated poor glycemic control, with an 
HbA1c  >  7.0%, when treatment with an additional 
antidiabetic agent, excluding SGLT2is, pioglitazone 
and GLP- 1 analogs, was allowed. In the IPR group, 
diet and exercise consultations and therapy were 
maintained throughout the study period.

Glycemic control and obesity were evaluated as 
endpoint 1, and hepatic outcomes (including changes 
in pathological findings between the first and second 
liver biopsies) were evaluated as endpoint 2. For the 
assessment of endpoint 1, 3 participants in the IPR 
group were excluded because of gastric cancer, which 
was reported as an adverse event (AE) (see “Safety” 
subsection), a withdrawal of informed consent, and a 
missed clinic appointment; and 2 participants in the 
CTR group were excluded because of missed clinic 
appointments. For the assessment of endpoint 2, 3 

Fig. 1. Flow diagram of the study participants.
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patients in the IPR group were excluded because they 
refused a liver biopsy or missed a clinic appointment, 
and 1 patient in the CTR group was excluded because 
they started taking an antiplatelet aggregation agent 
after undergoing coronary stenting (see “Safety” sub-
section). Therefore, 24 participants in the IPR group 
and 26 participants in the CTR group were evaluated 
for endpoint 1, and 21 participants in the IPR group 
and 25 participants in the CTR group were evaluated 
for endpoint 2. The safety of the interventions was 
evaluated in all of the participants.

pHysiCal eXamination 
anD seRum BioCHemiCal 
measuRements

Venous blood samples were obtained after an over-
night fast and used to measure platelet count, fasting 
plasma glucose concentration, liver enzyme activ-
ities, total bilirubin, total cholesterol, high- density 
lipoprotein– cholesterol (HDL- C), low- density 
lipoprotein– cholesterol (LDL- C), triglyceride, creati-
nine, C- peptide, ferritin concentrations and HbA1c, 
using conventional laboratory techniques. Insulin 
resistance was evaluated using the homeostasis model 
assessment of insulin resistance (fasting insulin [IU/
mL] × fasting blood sugar [mg/dL]/405).(17) Type 
IV collagen 7s was measured using a radioisotopic 
immunoassay,(18) and Mac2- binding protein glycan 
isomer (M2BPGi) was measured using a glycan- 
based immunoassay(19) at SRL Co. Ltd. (Tokyo, 
Japan). Subcutaneous fat area (cm2) and visceral fat 
area (cm2) were measured at the umbilical level on 
computed tomography (CT) images using Fat Scan 
software (N2 System Co., Osaka, Japan).(20)

patHologiCal assessment
Ultrasonographically guided liver biopsy was per-

formed using a 16- gauge biopsy needle. All liver 
biopsies were  ≥20  mm in length. Liver biopsy sec-
tions, stained with hematoxylin and eosin and Azan 
stain, were evaluated by two experienced pathologists 
(M.K. and S.A.) who specialize in liver pathology and 
were blinded to the clinical data. The assignment of 
the participants was known by the pathologists. The 
two pathologists evaluated a sample simultaneously, 
discussed the scoring, and agreed on a diagnosis. The 
pathologists examined all of the sections at baseline 

for inclusion in the study, and re- examined all of the 
sections, without reference to baseline or outcome 
data, at the end of the trial. Hepatic steatosis, lobular 
inflammation, and hepatocyte ballooning were evalu-
ated using the NAFLD activity score (NAS).(21) Liver 
fibrosis was classified according to Kleiner et al.(21) 
and Brunt et al.(22) Steatosis was scored as 0, 1, 2, or 
3 (score 0, <5%; score 1, 5%- 33%; score 2, 34%- 66%; 
and score 3, >66% of the biopsy), and fibrosis was 
scored as 0, 1, 2, 3, or 4 (stage 0, no fibrosis; stage 1, 
perisinusoidal or periportal fibrosis; stage 2, perisinu-
soidal and portal/periportal fibrosis; stage 3, bridging 
fibrosis; and stage 4, cirrhosis). NAFLD was diag-
nosed if steatosis was scored as 1 or higher. NAFLD 
of types 3 or 4 was defined as NASH, according 
to Matteoni’s classification,(23) and the resolution 
of NASH was defined according to the Food and 
Drug Administration guidance (https://www.fda.gov/
media/ 11904 4/download) as an absence of steatohep-
atitis and a NAS score of 0- 1 for inflammation, 0 for 
ballooning, and any value for steatosis, without wors-
ening fibrosis. Types 1 and 2 NAFLD were defined 
as non- NASH, and on this basis 10 participants in 
the IPR group and 12 participants in the CTR group 
were diagnosed as not having NASH at baseline and 
included in endpoint 2. Samples with fibrosis but no 
ballooning were defined as “unclassified NAFLD.” 
Two participants were diagnosed as “unclassified” at 
baseline (1 in the IPR group, with scores for steatosis 
of 1, inflammation 0, ballooning 0, and fibrosis stage 
1; and 1 in the CTR group, with scores for steatosis 
of 1, inflammation 0, ballooning 0, and fibrosis stage 
2) and included in endpoint 2. There were 2 patients 
with cirrhosis who had a steatosis score of 0 (so- called 
“burn- out NASH”), who had been previously diag-
nosed with NAFLD by liver biopsy and had been 
followed up at their local institutions. After diagno-
ses had been made by the study pathologists, and the 
study director (K.A.), the physician in charge, and 
the patients themselves had agreed, the patients were 
included in the study.

saFety assessments
Safety data were collected throughout the study 

period, from randomization to 30 days after the end 
of treatment. These consisted of the results of labora-
tory tests and physical examinations, and AEs. AEs 
and their severity were reported according to the 

https://www.fda.gov/media/119044/download
https://www.fda.gov/media/119044/download
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Common Terminology Criteria for Adverse Events 
(https://ctep.cancer.gov/proto colDe velop ment/elect 
ronic_appli catio ns/ctc.htm).

statistiCal analyses
Sample size was calculated for endpoint 1 on the 

basis of the findings of a previous study of ipragli-
flozin(24): The change in HbA1c from baseline was 
predicted to be −0.76 ± 0.69% and 0 ± 0.98% for the 
IPR and CTR groups, respectively. With a power of 
80% and a two- sided significance level of 0.05, n = 21 
patients per group were calculated to be required. The 
baseline characteristics of the two groups were com-
pared using the chi- square test for categorical data 
and Welch’s t- test for continuous data. Welch’s t- test 
was used to compare changes in continuous data from 
baseline between the groups and to compare liver 
biopsy findings in endpoint 2. The single- sample 
t- test was used to compare paired continuous data. 
A mixed- effect model was used to test the HbA1c 
response during the study period, and was adjusted for 
basal HbA1c, basal BMI, and basal use of antidiabetic 
agents. The analyses were conducted using R 3.6.1 or 
library lmerTest 3.1- 1 for the mixed- effect model. A 
two- sided P value of 0.05 was regarded as statistically 
significant.

Results
DemogRapHiCs anD Baseline 
CHaRaCteRistiCs

A summary of the baseline characteristics of the 
participants for endpoint 1 is shown in Table  1, and 
all of the data are shown in Supporting Table S1. 
There were no significant differences in age, sex, BMI, 
or the prevalence of concomitant lifestyle- related dis-
eases between the groups. The total cholesterol con-
centration was higher in the CTR group than in the 
IPR group, but there were no significant differences 
in HDL- C or LDL- C. There were also no significant 
differences in fasting glucose or HbA1c. Patients with 
various stages of liver fibrosis were included, but there 
were no significant differences between the groups. 
The visceral and abdominal subcutaneous fat areas did 
not differ between the groups. The baseline character-
istics for endpoint 2 are summarized in Supporting 

Table S2, and were similar to those for endpoint 1. 
The agents being used to treat concomitant lifestyle- 
related diseases, including diabetes, dyslipidemia and 
hypertension, are summarized in Supporting Table S3.

eFFeCt oF ipRagliFloZin 
on oBesity anD glyCemiC 
ContRol in patients WitH 
naFlD

In the analysis of endpoint 1, the changes in 
glycemic control, BMI, and fat area from baseline 
were compared between the groups (Fig.  2). The 
IPR group showed a significant decrease in HbA1c 
during the study, whereas HbA1c did not change 
from its baseline level in the CTR group (Fig. 2A). 
The mixed- effect model showed that ipragliflozin 
was a significant factor in the change in HbA1c 
(log odds ratio  =  −0.311, P  =  0.01), and the only 
significant adjustment factor was basal HbA1c (log 
odds ratio  =  0.992, P  <  0.01). The IPR group also 
showed a significant reduction in fasting glucose 
concentration after 12 weeks, but there was no sig-
nificant difference between the groups at this time 
point (Fig. 2B). The IPR group showed significant 

taBle 1. CHaRaCteRistiCs oF tHe patients 
FoR enDpoint 1

Characteristics

IPR CTR

P Valuen = 24 n = 26

Age, years 59.0 (46.8- 64.3) 50.0 (48.0- 68.8) 0.82

Male, n (%) 15 (62.5) 14 (53.8) 0.54

BMI, kg/m2 29.9 (27.2- 32.3) 28.8 (25.7- 32.9) 0.85

Hypertension, n (%) 9 (37.5) 7 (26.9) 0.42

Dyslipidemia, n (%) 13 (54.2) 19 (73.1) 0.16

Platelet count, ×103/µL 19.6 (16.2- 23.5) 22.0 (18.6- 27.1) 0.29

AST, U/L 43.5 (35.3- 57.0) 41.5 (33.0- 75.5) 0.17

ALT, U/L 57.0 (43.8- 70.3) 52.0 (38.3- 99.0) 0.60

GGT, U/L 69.0 (39.5- 112.5) 55.5 (36.3- 93.0) 0.70

Fasting glucose, mg/dL 115 (102- 133) 123(113- 142) 0.10

HbA1c, % 6.5 (6.1- 7.1) 6.8 (6.3- 7.0) 0.27

Ferritin, ng/mL 256 (149- 311) 177 (100- 346) 0.57

Visceral fat area, cm2 181(162- 234) 176 (141.5- 226) 0.70

Subcutaneous fat  
area, cm2

238 (187- 289) 237 (169- 311) 0.78

Note: Continuous valuables are shown as median (lower and upper 
quartile). The complete list of characteristics of the patients for 
endpoint 2 is available in Supporting Table S1. P values were calcu-
lated using the chi- square test or Welch’s t- test.

https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm
https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm
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reductions in BMI, visceral fat area, and subcutane-
ous fat area from baseline (Fig.  2C- E). Moreover, 
the reductions in BMI (at 24, 48, and 72  weeks) 
and visceral fat area (at 48 and 72 weeks) were sig-
nificantly larger in the IPR group than in the CTR 
group. Interestingly, serum ferritin concentration 
also decreased in the IPR group to a greater extent 
than in the CTR group during the first 12, 24, and 
48 weeks of the study. These effects of ipragliflozin 
on glycemic control, obesity, and ferritin concentra-
tion were also shown in the analysis of endpoint 2 
(Supporting Fig. S1).

eFFeCt oF ipRagliFloZin on 
tHe patHogenesis oF naFlD

In the analysis of endpoint 2, changes in liver enzyme 
activities, markers of serum fibrosis, and pathological 
findings were analyzed. The aspartate aminotransferase 
(AST), ALT, and gamma- glutamyltransferase (GGT) 
activities were significantly lower than at baseline in the 
IPR group, whereas the changes in the CTR group were 
not significant (Fig. 3A- C). There were significant dif-
ferences in the changes in GGT activity at 24, 48, and 
72  weeks of the study between the groups. However, 

Fig. 2. Changes in parameters from baseline for endpoint 1. Mean changes in HbA1c (A), fasting plasma glucose concentration (B), 
BMI (C), visceral fat area (D), subcutaneous fat area (E), and serum ferritin concentration (F) in the IPR (red line) and CTR (blue line) 
groups from baseline are shown. Data are presented as the mean and SD. *P < 0.05 and **P < 0.01 between the groups, according to Welch’s 
two- sample t- test. †P < 0.05 and ††P < 0.01 versus baseline, according to the single- sample t- test.
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there was no significant difference in the changes in 
total bilirubin concentration (Fig. 3D). With regard to 
the markers of serum fibrosis, there was no significant 
difference in the changes in M2BPGi (Fig.  3E), but 
there were significant reductions in type IV collagen 7s 
in the IPR group after 24 weeks and 72 weeks of the 
study, and in the CTR group after 48 weeks, although 
this latter change had disappeared by 72 weeks (Fig. 3F).

patHologiCal outComes
The pathological outcomes are summarized in 

Fig. 4. In the IPR group, the proportions of patients 

with at least a one- score or one- stage reduction after 
72  weeks of treatment were 52.4% (11 of 21) with 
respect to ballooning and 57.1% (12 of 21) with 
respect to fibrosis, which were significantly larger pro-
portions than in the CTR group (24% [6 of 25] for 
ballooning, P  =  0.02; and 16% [4 of 25] for fibrosis, 
P = 0.01) (Fig. 4C,D). There were no significant dif-
ferences in the changes in steatosis or inflammation 
between the groups (Fig. 4A,B). When individual 
NAS components and fibrosis stage were analyzed 
after the exclusion of the patients with score 0 or 
stage 0 (Supporting Fig. S2), ballooning in all of the 
patients (11 of 11) in the IPR group was at least one 

Fig. 3. Changes in parameters from baseline for endpoint 2. Mean changes in AST (A), ALT (B), GGT (C), total bilirubin (D), 
M2BPGi (E), and type 4 collagen 7s (F) in the IPR (red line) and CTR (blue line) groups from baseline are shown. Data are presented as 
the mean and SD. *P < 0.05 and **P < 0.01 between the groups, according to Welch’s two- sample t- test. †P < 0.05 and ††P < 0.01 versus 
baseline, according to the single- sample t- test.
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score lower, whereas 46.2% (6 of 13) of participants 
in the CTR group showed this reduction (P  =  0.02) 
(Supporting Fig. S2C). In the IPR group, 70.6% (12 
of 17) of the participants with fibrosis stage ≥1 showed 
at least a one- stage reduction, whereas only 22.2% 
(4 of 18) showed this in the CTR group (P  =  0.01) 
(Supporting Fig. S2D). All of the changes in individ-
ual NAS components and fibrosis stage are shown in 
Supporting Table S4. The relationships between the 
changes in glycemic control or BMI and ballooning 
or fibrosis are shown in Supporting Fig. S3. None of 

the participants who showed improvements in glyce-
mic control or BMI demonstrated a worsening of bal-
looning or fibrosis in the IPR group, whereas several 
participants showed a worsening of these pathological 
lesions in the CTR group, regardless of whether gly-
cemic control or BMI improved.

The pathological outcomes, stratified according 
to the presence or absence of NASH at baseline, are 
summarized in Fig. 5. In the IPR group, none of the 
participants developed NASH, whereas 33.3% of the 
participants in the CTR group developed NASH. 

Fig. 4. Evaluation of liver biopsies. (A- D) Results of the pathological evaluation of biopsies from all of the participants for endpoint 2 
(IPR, n = 21 vs. CTR, n = 25). *P < 0.05, according to Welch’s two- sample t- test.

Fig. 5. Pathological outcomes in the IPR and CTR groups. Abbreviation: LC, liver cirrhosis.
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Furthermore, in the IPR group, 66.7% of the partic-
ipants who had NASH at baseline showed NASH 
resolution, without a worsening of fibrosis.

saFety
Table  2 provides information regarding the safety 

of the interventions. An AE was reported by 22.2% 
of the participants in the IPR group and 46.4% of 
the patients in the CTR group, most of which were 
of mild- to- moderate severity. Gastric cancer was 
diagnosed in a patient in the IPR group when they 
underwent upper gastrointestinal endoscopy during a 
health check, and this was reported as a serious AE. 
One participant in the CTR who underwent coro-
nary artery CT was diagnosed with coronary artery 
stenosis, and therefore underwent a percutaneous cor-
onary intervention. None of the participants showed 
hypoglycemia, evidence of lactic acidosis, congestive 
heart failure, or renal dysfunction. Two participants 
showed a higher frequency of urination in the IPR 

group, whereas none of the participants showed other 
symptoms consistent with urinary tract infection in 
either group. Laboratory abnormalities more severe 
than grade 2 were reported only in the CTR group: 3 
participants showed an increase in HbA1c, and 2 of 
them were prescribed an additional antidiabetic drug.

Discussion
In this multicenter, open- label RCT, treatment of 

patients with diabetes with NAFLD with ipragli-
flozin for 72  weeks improved their glycemic control, 
obesity, and hepatic outcomes, including liver fibrosis. 
Moreover, ipragliflozin reduced the severity of bal-
looning, resulting in NASH resolving or not devel-
oping in many of the participants. Although one 
severe AE, gastric cancer, occurred during treatment 
with ipragliflozin, it was not considered as related to 
the ipragliflozin treatment, on the basis of the find-
ings of previous studies of ipragliflozin and other 
SGLT2is,(10- 12,24- 26) which implies that ipragliflozin is 
safe for use in patients with diabetes with NAFLD.

To date, although the effects of SGLT2is on the 
liver in NAFLD have been frequently reported, 
there have been no controlled studies that have 
evaluated liver pathology in patients. Furthermore, 
several of the previous studies were uncontrolled. 
Akuta et al. reported an uncontrolled, open- label 
study of 9 patients with NAFLD, in whom treat-
ment with canagliflozin for 24  weeks ameliorated 
liver steatosis (78%), inflammation (33%), hepato-
cyte ballooning (22%), and fibrosis (33%), as well as 
the abnormalities in liver function tests and glycemic 
control.(15) Changes in liver enzyme activities were a 
major endpoint in most of the clinical studies of the 
use of SGLT2i in NAFLD. A recent meta- analysis 
demonstrated reductions in AST, ALT, and GGT 
activities in 6,475 patients with NAFLD who had 
been treated with canagliflozin for 26- 52 weeks.(27) 
In addition, treatment with other SGLT2is (dapagli-
flozin, empagliflozin, or ipragliflozin) was associ-
ated with reductions in liver enzyme activities.(28,29) 
Imaging modalities, such as CT and proton mag-
netic resonance spectroscopy, have also shown 
effects of SGLT2is on hepatic steatosis in patients 
with NAFLD. Liver steatosis, defined using the 
liver- to- spleen ratio on CT images, was significantly 
ameliorated by treatment with dapagliflozin(30) 

taBle 2. RepoRteD aes

IPR (n = 27) CTR (n = 28)

n (%) n (%)

Serious AEs

Gastric cancer (grade 3) 1 (3.7) 0 (0)

Asymptomatic coronary stenosis  
(grade 2)

0 (0) 1 (3.6)

Common AEs

Constipation 1 (3.7) 1 (3.6)

Abdominal distension 0 (0) 1 (3.6)

Abdominal discomfort 0 (0) 2 (7.1)

Frequency urination 2 (8) 0 (0)

Muscle cramp 0 (0) 1 (3.6)

Knee osteoarthritis 1 (3.7) 0 (0)

Perineum pruritus 1 (3.7) 0 (0)

Back pruritus 0 (0) 1 (3.6)

Patients with laboratory abnormalities 
severer than grade 2

Elevation of HbA1c 0 (0) 3 (10.7)*

Elevation of uric acid 0 (0) 1 (3.6)

Total

Serious AEs 1 (3.7) 1 (3.6)

Common AEs 5 (18.5) 8 (30.8)

Patients with laboratory abnormalities 
severer than grade 2

0 (0) 4 (14.3)

Any AEs 6 (22.2) 13 (46.4)

*Reported as an exacerbation of the primary disease.
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or luseogliflozin(31) for 24  weeks. In addition, in a 
placebo- controlled study that used proton magnetic 
resonance spectroscopy for the evaluation of liver 
steatosis, 24  weeks of treatment with canagliflozin 
reduced intrahepatic triglyceride storage in patients 
with NAFLD with type 2 diabetes.(32) However, in 
the present study, there were significant decreases 
in liver enzyme activities in the IPR group, whereas 
the changes in hepatic steatosis did not significantly 
differ between the groups. A possible explanation 
for this is a recovery of the lipid storage during the 
study, which was longer than previous studies.

We also found that visceral fat area, measured 
by CT, tended to be higher after 24 weeks of treat-
ment (Fig. 2D and Supporting Fig. S1D). It has 
been reported that SGLT2i treatment increases the 
appetite of rodents and changes their food prefer-
ence, and that patients taking dapagliflozin for the 
treatment of type 2 diabetes eat more sugar.(33,34) 
Therefore, participants in the IPR group might 
have eaten more food, causing them to regain vis-
ceral fat by the 24- week time point. This might 
imply that we missed the best time point to identify 
an amelioration of liver steatosis, which was proba-
bly between 24 and 48 weeks. Although the present 
study demonstrated an amelioration of liver fibro-
sis as a result of SGLT2i treatment, which is the 
only pathological finding that is associated with the 
prognosis of NAFLD,(8,9) it is unknown whether 
this amelioration is maintained beyond 72  weeks, 
and whether the use of an SGLT2i improves the 
prognosis of NAFLD. Therefore, further studies are 
required.

The mechanism of the improvement in liver 
fibrosis induced by ipragliflozin in the present study 
remains unclear. However, the improvements in gly-
cemic control and BMI induced by SGLT2i in the 
present and previous studies(14,15,32) could contribute 
to the amelioration of hepatic steatosis. Consistent 
with this, the reductions in HbA1c and BMI posi-
tively correlated with the reduction in intrahepatic 
triglyceride induced by the luseogliflozin or cana-
gliflozin treatment of patients with NAFLD with 
type 2 diabetes.(32,35) However, there is also evidence 
that SGLT2is ameliorate hepatic fibrosis in rodents 
and steatosis in rodents and humans, independent of 
a loss in body mass,(36,37) which suggests that there 
might be a mechanism whereby the hepatic outcome 
of NAFLD is improved by SGLT2is, independent of 

their effect on obesity. In the present study, it is unclear 
whether there was an independent effect of SGLT2i 
on the pathological findings, because of the limited 
number of the participants, and especially of those 
who showed a worsening of HbA1c and BMI in the 
IPR group (Supporting Fig. S3). However, interest-
ingly, in the IPR group, improvements in ballooning 
and fibrosis occurred in several patients who showed 
a worsening of glycemic control and BMI. These data 
might suggest that the effects of long- term SGLT2i 
therapy on ballooning and fibrosis are more marked 
when reductions in HbA1c and body weight are 
achieved, but these metabolic improvements might 
not be necessary. SGLT2is increase hepatic glucose 
production as a result of the up- regulation of glucone-
ogenesis and glycogenolysis,(38) which is a response to 
the increase in renal glucose excretion and the direct 
effect of SGLT2is to increase the secretion of gluca-
gon by pancreatic alpha cells.(39) In addition, a recent 
study demonstrated that glucagon promotes hepatic 
lipolysis and activates hepatic mitochondria by stim-
ulating inositol triphosphate receptor 1, which is a 
membrane glycoprotein complex that is responsible 
for mitochondrial calcium signaling in hepatocytes.(40) 
The stimulation of hepatic β- oxidation by SGLT2is 
has also been shown in rodents,(41) and this might be 
a key glucagon- mediated mechanism for the hepatic 
effects of SGLT2is. There are several clinical trials in 
progress that aim to evaluate the utility of a combina-
tion of a glucagon receptor agonist and a glucagon- 
like peptide- 1 receptor agonist or co- agonists of these 
receptors, and preclinical studies have shown posi-
tive effects on hepatic fibrosis.(42,43) Thus, glucagon- 
mediated effects of SGLT2is might contribute to 
their amelioration of hepatic fibrosis, as well as their 
beneficial effects on metabolic dyshomeostasis.

The amelioration of hepatocyte ballooning by 
ipragliflozin is another notable finding of the pres-
ent study. Ballooning is a degenerative change that 
precedes hepatocyte apoptosis, and is caused by 
metabolic abnormalities, inflammation, or circula-
tory disturbances.(44) Ballooning is considered to be 
a hallmark of NASH, which is frequently diagnosed 
in association with several other liver diseases.(22,45) It 
has been reported that SGLT2is suppress oxidative 
stress, endoplasmic reticulum stress, and hypoxia- 
related signaling, which reduces cell death and apop-
tosis in renal proximal tubular cells in vitro and in 
vivo.(46- 48) However, because SGLT2 is not expressed 
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in hepatocytes, indirect effects of SGLT2i must have 
been responsible for the amelioration of hepatocyte 
ballooning. It has also been reported that hepatic iron 
overload and hyperferritinemia are frequently present 
in patients with NASH.(49) Moreover, iron- induced 
oxidative stress and inflammasome activation cause 
hepatocyte ballooning in the liver of leptin receptor– 
deficient mice that are overfed iron.(50) In the current 
study, there was a significant decrease in serum ferri-
tin concentration in the IPR group (Fig.  2F), which 
suggests that a reduction in iron overload may also be 
a mechanism whereby SGLT2is ameliorate or prevent 
hepatocyte ballooning in NAFLD.

The present study had several limitations. The 
sample size that was calculated for endpoint 1 was too 
small to identify a superior effect of ipragliflozin on 
NASH and fibrosis. Therefore, to confirm the effect 
of ipragliflozin or SGLT2is on the hepatic outcomes 
of patients with NAFLD, further studies are needed. 
Because the study was not placebo- controlled, but 
instead used an active- controlled design, including 
various control treatments, the outcomes of the CTR 
group were likely to be variable and affect compari-
sons with the IPR group. Despite the randomization, 
there was a significant difference between the groups 
with respect to serum total cholesterol for endpoints 
1 and 2, and also in fasting glucose for endpoint 2 
at baseline. These differences could have altered the 
treatment effects in both groups. Because the inclu-
sion criteria of the present study did not limit the par-
ticipants to those with advanced NASH, and patients 
with mild- to- moderate NASH were included, the 
effectiveness of ipragliflozin should be interpreted 
with caution. However, the inclusion of patients with 
various levels of severity of NAFLD in the present 
study has enabled us to demonstrate that ipragliflozin 
might be able to prevent the development of NASH, 
as well as resolve NASH and ameliorate liver fibro-
sis. Therefore, we believe that a beneficial effect of 
ipragliflozin could be expected in patients along the 
entire spectrum of NAFLD.

In conclusion, this RCT has provided evidence that 
ipragliflozin ameliorates obesity and improves hepatic 
outcomes, including fibrosis, in patients with diabetes 
with NAFLD. Therefore, SGLT2is could represent an 
appropriate therapy for patients with NAFLD. Larger 
phase 3 trials of SGLT2is are warranted to confirm its 
effects in patients at specific stages of NAFLD.
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