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ABSTRACT
Aims/Introduction: Insulin resistance syndrome and lipoatrophic diabetes are rare
conditions characterized by the development of treatment-refractory diabetes with severe
insulin resistance. We recently conducted a 24 week, multicenter, single-arm trial (EMPIRE-
01) that demonstrated a certain level of effectiveness and safety of empagliflozin for these
conditions. To evaluate treatment safety over a longer period, we have now performed
an additional 28 week trial (EMPIRE-02) that followed on from EMPIRE-01.
Materials and Methods: The primary and secondary outcomes were safety and
efficacy evaluations, respectively. All eight subjects of the EMPIRE-01 trial participated in
EMPIRE-02.
Results: Twenty adverse events (AEs) were recorded among five individuals during the
combined 52 week treatment period of both trials. Whereas one case of chronic hepatitis
B was moderate in severity, all other AEs were mild. There were thus no serious AEs or
events necessitating discontinuation or suspension of treatment or a reduction in drug
dose. Whereas ketoacidosis or marked increases in serum ketone body levels were not
observed, the mean body mass of the subjects was decreased slightly after completion of
EMPIRE-02. The improvement in mean values of glycemic parameters observed in EMPIRE-
01 was not sustained in EMPIRE-02, mostly because of one individual whose parameters
deteriorated markedly, likely as a result of nonadherence to diet therapy. The
improvement in glycemic parameters was sustained during EMPIRE-02 after exclusion of
this subject from analysis.
Conclusions: Empagliflozin demonstrated a certain level of safety and efficacy for the
treatment of insulin resistance syndrome and lipoatrophic diabetes over 52 weeks,
confirming its potential as a therapeutic option.

INTRODUCTION
Insulin resistance syndrome, formerly known as insulin recep-
tor abnormalities1,2, is traditionally classified into type A and

type B, with type A being attributable to variants of the insulin
receptor gene (INSR) and type B triggered by autoantibodies to
the insulin receptor3,4. Given that variants of genes related to
signaling downstream of the insulin receptor also give rise to
conditions clinically similar to type A insulin resistance
syndrome5–7, the term “genetic insulin resistance syndrome”Received 21 February 2024; revised 26 March 2024; accepted 17 April 2024
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has recently been advocated to encompass disorders arising
from variants either of the insulin receptor gene or of genes
such as PIK3R1 that are related to downstream signaling
pathways2. Lipoatrophic diabetes is a genetic or acquired condi-
tion characterized by a marked systemic or localized reduction
in the amount of adipose tissue8,9. This syndrome also mani-
fests as several metabolic disorders including dyslipidemia,
hepatic steatosis, and treatment-resistant diabetes, likely as a
result of the loss of adipose tissue mass and derived humoral
factors that regulate energy metabolism10,11. Given that both
insulin resistance syndrome and lipoatrophic diabetes are rare
conditions, information regarding the treatment of diabetes
associated with them has been limited.
Empagliflozin exerts a glucose-lowering effect by inhibiting

renal glucose reabsorption mediated by sodium–glucose cotran-
sporter 2 (SGLT2)12. Given that the antidiabetic effects of such
SGLT2 inhibitors are attributable to a mechanism independent
of insulin action, these drugs might be expected to lower glyce-
mia even in individuals with severe insulin resistance6,13,14. We
recently performed a 24-week, multicenter, single-arm clinical
trial (EMPIRE-01) to investigate the efficacy and safety of
empagliflozin in eight individuals with insulin resistance syn-
drome or lipoatrophic diabetes15. This trial, which was con-
ducted in accordance with International Conference on
Harmonization Good Clinical Practice (ICH-GCP) guidelines,
demonstrated that empagliflozin treatment was associated with
a decrease in the hemoglobin A1c (HbA1c) level of 0.99 percent-
age points, from 8.46 – 1.45% (mean – SD) at baseline to
7.48 – 1.26% at the end of the 24-week treatment period15.
Seventeen adverse events (AEs) were noted in five subjects of
the trial, with all of these AEs being mild and none necessitat-
ing discontinuation or suspension of treatment or a reduction
in drug dosage15.
The EMPIRE-01 trial, the first trial to investigate prospec-

tively the clinical utility of an SGLT2 inhibitor for diabetes
associated with insulin resistance syndrome or lipoatrophic dia-
betes in Japanese individuals, thus demonstrated a level of effec-
tiveness and safety of empagliflozin for these rare conditions.
To evaluate further the safety profile over a longer period, we
conducted an additional 28 week trial (EMPIRE-02) following
on from the 24 week EMPIRE-01 trial and investigated the fre-
quency and severity of AEs over the combined 52 week study
period.

MATERIALS AND METHODS
Study design
This nonrandomized, prospective, open-label, multicenter trial
was conducted at five academic centers in Japan (Tohoku Uni-
versity Hospital, Nihon University Hospital, Jichi Medical Uni-
versity Hospital, Kobe University Hospital, and Okayama
University Hospital). The trial adhered to the 2013 Declaration
of Helsinki16 and ICH-GCP guidelines17. Both the study proto-
col and the amendments received approval from the institu-
tional review board at each site. The trial was registered with

the Japan Registry of Clinical Trials (jRCTs 2051190094) and
ClinicalTrials.gov (NCT 04221152). All participants provided
written informed consent before entering the study.
Individuals diagnosed with insulin resistance syndrome or

lipoatrophic diabetes who were aged 20 years or older and had
an HbA1c level of at least 7% (52 mmol/mol) were recruited
for the study. Detailed inclusion and exclusion criteria as well
as the diagnostic criteria for insulin resistance syndrome and
lipoatrophic diabetes were described previously15 and are also
provided in Appendix S1. Study participants were treated with
empagliflozin at a starting dose of 10 mg once daily per os.
After 12 weeks of treatment, the dose was increased to 25 mg
if the HbA1c level remained at or above 7.0% (52 mmol/mol).
The participants were requested not to alter the regimens for
dietary and exercise therapy from those prior to the start of the
trial. The effectiveness and safety of the treatment up to
24 weeks were described previously as the EMPIRE-01 trial15.
The additional 28 week EMPIRE-02 trial was performed after
completion of EMPIRE-01 (Figure S1). In the EMPIRE-02 trial,
the administration of empagliflozin was continued at the same
dosage level as that administered at the end of EMPIRE-01.
Participants were followed up for monitoring of AEs and treat-
ment efficacy at 12 and 28 weeks after initiation of the
EMPIRE-02 trial, corresponding to 36 and 52 weeks, respec-
tively, after initiation of EMPIRE-01.

Outcomes
The primary outcome of the EMPIRE-02 trial was the safety
assessment including evaluation of AEs, adverse drug reactions
(ADRs), rescue medication, and other key safety considerations.
The latter considerations included hypoglycemia, urinary tract
infection, genital infection, dehydration (including weight loss),
polyuria or frequent urination, renal impairment, increased
ketone body levels, cardiovascular risk, malignant tumor risk,
and AEs of special interest, such as liver dysfunction, renal dys-
function, metabolic acidosis, ketoacidosis, diabetic ketoacidosis
(DKA), and lower limb amputation.
Secondary outcomes focused on efficacy and included the

percentage and absolute changes in HbA1c level from baseline
(before initiation of the EMPIRE-01 trial) to the end of the 28
week EMPIRE-02 trial period. HbA1c and fasting plasma glu-
cose (FPG) levels, as well as insulin dosage, were monitored at
12 and 28 weeks after initiation of the EMPIRE-02 trial (36
and 52 weeks after the initiation of EMPIRE-01). Changes in
postprandial blood glucose levels were also assessed by continu-
ous glucose monitoring (CGM).

Sample size
All eight participants who completed the EMPIRE-01 trial were
recruited for EMPIRE-02.

Data analysis
We investigated the frequency and severity of AEs over the
combined 52 weeks of the EMPIRE-01 and EMPIRE-02 trials.
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The absolute and percentage changes in HbA1c level as well as
the change in FPG concentration at 52 weeks (at the end of
the 28 week EMPIRE-02 trial) relative to baseline were assessed
on an individual participant basis as well as summarized with
sample size, mean, standard deviation (SD), minimum, median,
and maximum values. The population means with 95% confi-
dence intervals (CIs) of these changes were estimated. All statis-
tical analysis was performed with the use of SAS software
version 9.4 (SAS Institute, Cary, NC, USA).

RESULTS
Participants
Seven individuals with genetic insulin resistance syndrome –
four with variants of INSR and three with variants of PIK3R1 –
and one individual with lipoatrophic diabetes, who harbored a
pathological variant of the BSCL2 gene, participated in the
EMPIRE-01 trial, as described previously15 and are also pro-
vided in Table S1. Individuals with type B insulin resistance
syndrome were not included in the trial. All of these individuals
also participated in the EMPIRE-02 trial and completed the 28
week treatment course. During the EMPIRE-02 trial, two indi-
viduals were treated with 10 mg of empagliflozin per day and
six received 25 mg of the drug in accordance with the dosing
protocol.

Safety evaluation
A total of 20 AEs was noted in five individuals over the com-
bined duration of 52 weeks of the EMPIRE-01 and EMPIRE-
02 trials (Table 1). Whereas a case of chronic hepatitis B was
moderate in severity, all other AEs were mild, with no serious
AEs or events necessitating the discontinuation or suspension
of treatment or a reduction in drug dose being reported. All 20
AEs had resolved or improved by the end of the trial. One case
of mild hypoglycemia was reported as an ADR and was ame-
liorated by a reduction in the insulin dose administered.
Whereas this event manifested with characteristic symptoms of
hypoglycemia, the recorded blood glucose level at this time of
onset was 91 mg/dL. Therefore, this event of hypoglycemia is
categorized as Grade 1 (mild) according to the Ademolus Clas-
sification of Hypoglycemia18. This case of hypoglycemia was
the only event reported as a key safety consideration. As an AE
of special interest, liver dysfunction (aspartate [AST] or alanine
[ALT] aminotransferase level of more than five times the upper
limit of normal) was identified in two individuals; however, a
causal relation between these events and the investigational
drug was denied.
Figure 1 shows the time courses of the mean serum level of

ketone bodies and mean body mass over the course of the
study treatment. The body mass at the end of the EMPIRE-02
trial, which corresponds to 52 weeks after the initiation of the
EMPIRE-01 trial, had declined by 1.68 – 0.12 kg (mean – SD)
from baseline (before initiation of EMPIRE-01). The temporal
changes in these parameters for each participant are shown in
Figure S2. The serum level of ketone bodies exhibited an

elevation in all eight participants at 24 weeks compared with
the initiation of EMPIRE-01. By 52 weeks, these levels had
increased in four individuals from their week 24 assessments,
while the others exhibited a decrease. The body mass decreased
in seven participants at 24 weeks compared with the initiation
of EMPIRE-01. However, by 52 weeks, the body mass had
increased in four of these individuals from their week 24 assess-
ments, while the remaining participants manifested a decrease.

Efficacy evaluation
The mean HbA1c level for all study participants at 52 weeks
after initiation of the EMPIRE-01 trial (mean – SD:
7.91 – 1.15% [62.6 – 12.7 mmol/mol]) was 0.55 percentage
points (5.8 mmol/mol) lower (95% CI of -0.41 to 1.51 percent-
age points or -4.4 to 15.9 mmol/mol) than that at baseline
(8.46 – 1.45% [68.4 – 15.9 mmol/mol]). The percentage change
in HbA1c level from baseline to 52 weeks after treatment onset
was -5.34% (95% CI, -17.31 to 6.63%). The time courses of
the HbA1c level for the study population (mean) and for each
participant separately are shown in Figure 2a and Figure S3a,
respectively. The HbA1c levels decreased in all eight partici-
pants at 24 weeks compared with the initiation of EMPIRE-01.
Nevertheless, at 52 weeks, half of the individuals increased from
their week 24 assessments, while the other half either main-
tained or showed further reductions.
The mean FPG concentration for all participants after treat-

ment for 52 weeks (138.6 – 40.0 mg/dL [7.70 – 2.22 mmol/L])

Table 1 | Adverse events associated with the study treatment

Event Number Case
no.

Severity Drug
related

Study
treatment

Nasopharyngitis 3 2, 2, 2 Mild No Continued
AST of >59
ULN

1 2 Mild No Continued

ALT of >59
ULN

2 2, 2 Mild No Continued

Contact
dermatitis

1 2 Mild No Continued

Cough 1 4 Mild No Continued
Hypoglycemia 1 6 Mild Yes Continued
Hyperglycemia 1 6 Mild No Continued
Tenosynovitis 2 7, 8 Mild No Continued
Infectious
enteritis

1 7 Mild No Continued

Diarrhea 2 7, 8 Mild No Continued
Nausea 1 8 Mild No Continued
Headache 1 8 Mild No Continued
Periarthritis 1 8 Mild No Continued
Chronic
hepatitis B

1 7 Moderate No Continued

Parotitis 1 2 Mild No Continued

ULN, upper limit of normal.
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was 58.0 mg/dL (3.22 mmol/L) lower (95% CI of 19.0–
97.0 mg/dL or 1.06–5.39 mmol/L) than that at baseline
(196.6 – 66.2 mg/dL [10.92 – 3.68 mmol/L]). The time courses
of FPG concentration for the study population as a whole and
for each participant are shown in Figure 2b and Figure S3b,
respectively. The FPG concentrations decreased in seven of the
eight participants at 24 weeks compared with the initiation of
EMPIRE-01. By the 52 week evaluation, six individuals showed
an increase from their week 24 assessments, whereas two indi-
viduals noted a decrease.
As a result of the absence of the final CGM data for one

individual (case 5), the CGM analysis was limited to seven indi-
viduals. The average sensor glucose level and time in range at

36 weeks were 169.1 – 48.8 mg/dL (9.39 – 2.71 mmol/L) and
57.0 – 25.1%, respectively, whereas those at baseline were
175.1 – 75.3 mg/dL (9.73 – 4.18 mmol/L) and 56.3 – 38.2%,
respectively (Table 2).
Whereas the reduction in HbA1c level was 0.99 percentage

points (95% CI, 0.59–1.38 percentage points) or 10.8 mmol/
mol (95% CI, 6.6–14.9 mmol/mol) at the end of the EMPIRE-
01 trial15, that at the end of EMPIRE-02 was 0.55 percentage
points (95% CI, -0.41 to 1.51 percentage points). Analysis of
the time-dependent change in HbA1c level for each individual
revealed that one individual (case 8, with genetic insulin resis-
tance syndrome) experienced a rapid increase in this parameter
after the end of the EMPIRE-01 trial (Figure S3a). The case

Figure 1 | Temporal changes in the mean serum level of ketone bodies (a) and mean body mass (b) during empagliflozin treatment for the study
population. Data are mean – SD (n = 8).
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report form showed that this individual began consuming one
piece of pastry or sweet bread almost daily after the initiation
of the EMPIRE-02 trial. As the trial protocol requested partici-
pants not to alter their dietary therapy conducted prior to the
trial, we deemed this case as non-adherence to the dietary ther-
apy. We therefore also analyzed the efficacy data for the seven
cases remaining after exclusion of case 8.
The mean reduction in HbA1c level for these seven individ-

uals was 1.09 percentage points (95% CI, 0.70–1.47 percentage
points) or 11.9 mmol/mol (95% CI, 8.0–15.7 mmol/mol) at the
end of EMPIRE-01 and 0.90 percentage points (95% CI, 0.32–
1.48 percentage points) or 9.6 mmol/mol (95% CI, 4.1–
15.0 mmol/mol) at the end of EMPIRE-02 (Table S2). The

Figure 2 | Temporal changes in the mean HbA1c level (a) and the mean FPG concentration (b) during empagliflozin treatment for the study
population. Data are mean – SD (n = 8).

Table 2 | CGM metrics at baseline as well as 20 and 36 weeks after
treatment onset

Parameter Day 0 Day 140 Day 252

Mean sensor glucose (mg/
dL)

175.1 – 75.3 145.0 – 45.1 169.1 – 48.8

Mean sensor glucose
(mmol/L)

9.73 – 4.18 8.06 – 2.51 9.39 – 2.71

CV of sensor glucose (%) 30.0 – 4.7 29.8 – 8.1 28.1 – 4.5
Time above range (%) 40.3 – 41.0 23.4 – 24.0 39.3 – 29.5
Time in range (%) 56.3 – 38.2 70.4 – 19.7 57.0 – 25.1
Time below range (%) 3.4 – 4.0 6.2 – 9.3 3.7 – 9.5

Data are mean – SD (n = 7). CV, coefficient of variation.
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mean reduction in FPG concentration of the seven cases was
62.3 mg/dL (95% CI, 16.7–107.9 mg/dL) or 3.46 mmol/L (95%
CI, 0.93–5.99 mmol/L) at the end of EMPIRE-01 and 58.4 mg/
dL (95% CI, 11.86–105.0 mg/dL) or 3.25 mmol/L (95% CI,
0.66–5.83 mmol/L) at the end of EMPIRE-02 (Table S1).
Two participants were treated with multiple daily insulin

injections. In one of these individuals, the total daily insulin
dose and the total daily basal insulin dose had decreased from
89 to 52 U and from 40 to 24 U, respectively, during the initial
treatment period of 24 weeks and remained at these lower
values over the subsequent 28 weeks. In the second individual,
although the total daily insulin dose had declined from 144 to
126 U after treatment for 52 weeks, the total daily basal insulin
dose increased from 30 to 32 U over this period.

DISCUSSION
The 28 week EMPIRE-02 trial was undertaken primarily to
investigate the long-term safety of empagliflozin and followed
on from the 24 week EMPIRE-01 trial, which was the first
study to assess the efficacy and safety of empagliflozin treat-
ment for insulin resistance syndrome and lipoatrophic diabetes
in accordance with ICH-GCP guidelines15. During the com-
bined 52 week trial period, the 20 observed AEs were all mild,
with the exception of a case of chronic hepatitis B. A causal
relation between this latter moderate event and the investiga-
tional drug was denied, however. Our results therefore further
confirm the safety of empagliflozin for the treatment of diabetes
associated with insulin resistance syndrome or lipoatrophic dia-
betes. Whereas polyuria, volume depletion, genital infections,
and urinary tract infections are often referred to as “characteris-
tics AEs of SGLT2 inhibitors”, recent pooled analyses of sub-
jects treated with this class of drugs revealed that the frequency
of polyuria, volume depletion, genital infections, and urinary
tract infections are 1.29, 0.5–3.3, 0.1–2.4, and 0.6–6.9%,
respectively19–21. Given the small cohort of only eight partici-
pants, the absence of these AEs aligns with anticipated statisti-
cal probabilities.
Neither DKA nor a substantial increase in the serum level of

ketone bodies was observed during the EMPIRE-01 or
EMPIRE-02 trials. Whereas the treatment of diabetes with
SGLT2 inhibitors appears to be associated with an increased
risk of DKA, its frequency is not high in treated individuals
with type 1 or type 2 diabetes22,23. Insufficient action of insulin,
due either to impaired insulin secretion or to insulin resistance,
is related to the pathogenesis of DKA24,25. Caution is therefore
warranted regarding the development of DKA during treatment
of individuals with severe insulin resistance, such as those
investigated in this study, with SGLT2 inhibitors.
Whereas insulin resistance is generally associated with obe-

sity, both genetic insulin resistance syndrome and lipoatrophic
diabetes are characterized by leanness. We detected a small
reduction in mean body mass at the end of the EMPIRE-01
(-1.16 kg) and EMPIRE-02 (-1.68 kg relative to baseline) trials.
This decrease in body mass is similar in extent to those

reported in clinical trials of SGLT2 inhibitors for type 1 or type
2 diabetes26–30. However, given the leanness of individuals with
these rare conditions, even such a small body mass reduction
may warrant caution in the clinical setting.
With regard to efficacy evaluation, the mean reductions in

glycemic parameters at the end of the 52 week treatment
period were smaller than those apparent at the end of the 24
week treatment period. However, this difference was largely due
to a marked deterioration in the glycemic parameters of one
individual with genetic insulin resistance syndrome who ceased
to adhere to dietary therapy; this individual began consuming
one piece of pastry or sweet bread almost daily after the initia-
tion of the EMPIRE-02 trial. Analysis of the data from the
remaining seven participants revealed that the reductions in
HbA1c and FPG levels at 52 weeks were similar to those at
24 weeks. Evidence suggests that treating individuals with type
2 diabetes with SGLT2 inhibitors affects appetite or eating
behavior31,32. We therefore cannot exclude the possibility that
SGLT2 inhibitors also affect appetite in individuals with insulin
resistance syndrome, potentially leading to nonadherence to
dietary therapy during the course of treatment.
The small number of participants and its single-arm design

are limitations of the present study. In Japan, the number of
cases of genetic insulin resistance syndrome and lipoatrophic
diabetes undergoing treatment at specialized institutions was
recently estimated to be approximately 100 for each5,33. The
rarity of these conditions therefore precludes the performance
of trials with large numbers of participants. Insulin-like growth
factor-1 and metreleptin are the only medications officially
approved for the treatment of insulin resistance syndrome and
lipoatrophic diabetes, respectively. The trials that served as the
basis for the approval of these agents were also conducted with
a relatively small number of subjects (eight and seven for insu-
lin resistance syndrome and lipoatrophic diabetes,
respectively)34,35. In addition, in many of our analyses, we com-
bined the results from all eight subjects, which included seven
individuals with insulin resistance syndrome and one with
lipoatrophic diabetes. Given the distinct pathologies of these
two conditions, combining them for analysis is not ideal.
In conclusion, the EMPIRE-01 and EMPIRE-02 trials have

demonstrated a certain level of effectiveness and safety of
empagliflozin for the treatment of diabetes associated with insu-
lin resistance syndrome or lipoatrophic diabetes. Whereas the
number of study participants was limited, the performance of
the trials in accordance with ICH-GCP guidelines ensured their
quality. Various rare conditions are accompanied by diabetes,
making it challenging to identify appropriate treatments for all
such conditions. The paucity of medical information about such
conditions can also confer a serious psychological burden on
affected individuals36. The results of the present study should
prove helpful not only for healthcare providers caring for indi-
viduals with insulin resistance syndrome or lipoatrophic diabe-
tes but also for alleviating the psychological issues faced by the
affected individuals.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Appendix S1. | Methods.

Figure S1. | Study design and visit plan.

Figure S2. | Time courses of the serum concentration of ketone bodies (a) and body mass (b) for individual participants during
empagliflozin treatment.

Figure S3. | Time courses of HbA1c (a) and FPG (b) levels for individual participants during empagliflozin treatment.

Table S1. | Clinical information for the study participants with insulin resistance syndrome or lipoatrophic diabetes

Table S2. | Mean HbA1c and FPG concentrations for the study subjects after exclusion of case 8
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