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Abstract 

Objective Based on the whole-body energy metabolism and insulin action, the difference between increased excre-
tion of carbohydrate in urine by SGLT2i and reduced same amount of oral carbohydrate intake are scarce. This study 
aimed to compare the effect of carbohydrate availability with reduced oral intake (carbohydrate-restricted isocaloric 
diet: CRIC diet) or lost in urine, as urinary glucosuria on sodium/glucose cotransporter-2 inhibitor (SGLT2i) treatment, 
focus on the insulin requirement and the macronutrient oxidation within insulin treated type 2 diabetes.

Methods This is randomized 3-arm open-label prospective study. Subjects treated with titrated basal-bolus insulin 
regimen subsequent to three diet regimens, control diet (CON), administration of canagliflozin 100 mg/day to CON 
(SGLT2i), or CRIC diet, with a week admission to the endocrinology ward followed by 12 weeks outpatients’ manage-
ment. The main outcome measures including the total insulin dose (TID) required to achieve euglycemia, fasting and 
postprandial energy expenditure (EE) and respiratory quotient (RQ) at 1-week and 12-week.

Results We enrolled 23 patients with type 2 diabetes (male/female: 14/9, age: 53.6 ± 14.2 years, body mass index: 
26.9 ± 4.8 kg/m2, HbA1c: 12.5 ± 1.6%). The TID was similar with CON and SGLT2i at both 1 and 12-weeks. Although 
comparable net carbohydrate availability in SGLT2i and CRIC groups, the TID was significantly higher in the CRIC 
(p = 0.02) compare to the SGLT2i at both 1 and 12-weeks. Fasting EE was similar in all groups, postprandial EE was 
significantly elevated in the SGLT2i and CRIC groups compared to the CON group (p = 0.03 and 0.04). Compare to the 
CON, lower basal fasting RQ (p = 0.049) and decreased delta-RQ (postprandial RQ/fasting RQ) indicated continuous 
lipid substrate utilization in the SGLT2i (p = 0.04) and CRIC (p = 0.03) groups.

Conclusion The CRIC diet resulted in a similar fasting and postprandial EE and substrate oxidation compared to the 
SGLT2i. The increased insulin requirement in the CRIC diet indicates that a relatively highly lipid and protein consump-
tion, compared to the SGLT2i and CON, may influence insulin requirement.
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Introduction
The dietary composition affects glycemia and insulin 
sensitivity in patients with type 2 diabetes; however, a 
diet composed of only specific macronutrients may be 
less beneficial and difficult to tolerate for a long period 
[1, 2]. Pharmacotherapy, including renal sodium/glucose 
cotransporter-2 inhibitors (SGLT2i), that can improve 
glycemic control when combined with insulin therapy 
could mitigate metabolic stress due to nutritional intake 
and confer additional benefits on health outcomes 
in type 2 diabetes [3]. The inhibition of SGLT2 in the 
proximal convoluted tubule suppresses sodium and glu-
cose reabsorption, promotes their elimination in urine, 
improves glycemic control, and ultimately ameliorates 
the progression of diabetes-related complications [4, 5]. 
SGLT2i treatment in humans decreases body weight [6], 
increases the reliance on fat as an energy source [3], and 
improves cardiac function, blood pressure, and cardio-
vascular outcomes [7].

Although SGLT2i eliminates a certain amount of glu-
cose in urine, resulting whole-body net calorie loss, it is 
unclear whether the treatment-associated benefit con-
tributes to energy loss [4, 5]. Therefore, we reduced the 
carbohydrate intake, which corresponded to the amount 
of urinary glucosuria resulting after SGLT2i treatment, 
assessing whether the effects of SGLT2i were related to 
hypoenergetic conditions. We formulated a carbohydrate 
restricted isocaloric (CRIC) diet to address these short-
comings, which eliminates the amount of carbohydrate 
equivalent to that of glucose (approximately 50  g/day3) 
dissipated in the urine by SGLT2i, allowing us to evaluate 
systemic macronutrient metabolisms and energy expend-
iture (EE) in type 2 diabetes.

Type 2 diabetes is predominantly characterized by 
insulin resistance, its progression is associated with insu-
lin deficiency requiring insulin administration [8]. Previ-
ous studies have failed to illustrate an essential aspect, 
i.e., if SGLT2i pharmacotherapies for type 2 diabetes 
have a permissive or additive effect on the dose of insulin 
[9] and if they exert any impact on the methods used to 
achieve carbohydrate restrictions.

Thus, we examined the insulin doses required to 
achieve euglycemia in insulin-treated type 2 diabetes 
patients with SGLT2 inhibitors and the CRIC diet. In a 
previous study, we achieved euglycemia by eliminating 
glucose in urine by adding SGLT2i and reduced the time 
required to achieve euglycemia for the management of 
insulin-treated type 2 diabetes [3].

Furthermore, the impact of nutritional carbohydrate 
energy availability (i.e., the result of excreting carbo-
hydrate via urine) on the EE [10] and respiratory quo-
tient (RQ) [11] was investigated in this study. We also 
described the effect of these modalities on macronutrient 

oxidation, i.e., the capacity to switch to fuel oxidation to 
adjust for fuel availability (i.e., metabolic flexibility), and 
the selective substrate energy utilization using indirect 
calorimetry in the fasting and postprandial states.

Materials and methods
Study design and ethics approval
This 12-week long open-label, randomized (1:1:1), pro-
spective trial enrolled inpatients who were hospitalized 
(recruited from the outpatient department) at the Faculty 
of Medicine, Toho University School of Medicine, Tokyo, 
Japan, to evaluate the effects of the co-administration 
of an SGLT2 inhibitor with the CON diet or CRIC diet 
with multiple daily insulin treatments. This study was 
conducted between November 2016 and January 2019. 
The protocol was reviewed by the Japanese authorities in 
accordance with local regulations followed by review and 
approval by the institutional review board of Toho Uni-
versity Omori Medical Center (M1618917, 11717238). 
The study was conducted in accordance with the Inter-
national Conference on Harmonization Guidelines for 
Good Clinical Practice and the Declaration of Helsinki 
[12]. The study was registered with the National Univer-
sity Hospital Medical Information Network (UMIN Clin-
ical Trials Registry: UMIN0000 27262).

Participants
Patients with type 2 diabetes requiring hospitalization 
to control hyperglycemia were eligible for enrollment in 
this study if they were aged above 20  years, had hemo-
globin A1c (HbA1c) more than 10% and a daily mean 
pre-prandial blood glucose concentration of more than 
11 mmol/L (200 mg/dL). Patients who had been admin-
istered any antidiabetic medication previously (includ-
ing insulin) were excluded. The exclusion criteria were 
as follows: type 1 diabetes or secondary diabetes caused 
by other underlying conditions, myocardial infarc-
tion < 3  months before enrollment or known heart fail-
ure, history of hypersensitivity to the study drugs, history 
diabetic coma, those at risk of diabetic coma, severe liver 
disease, severe renal disease, severe pancreatic disease, 
hemoglobin (Hb) < 11  g/dL, current malignancy, plate-
let count < 100,000/mm3, severe diabetic neuropathy, 
proliferative retinopathy, serious infection, recent sur-
gery or severe trauma, or excessive alcohol consump-
tion. Pregnant women or possibly pregnant women were 
also excluded. Patients judged unsuitable for the study 
by the attending physician were also excluded. Written 
informed consent was obtained from all participants.

Interventions
Twenty-three patients with type 2 diabetes were treated 
on the basis of the same basal-bolus insulin titration 
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algorithm. Patients received meals thrice a day (at 08.00, 
12.00, 18.00 h) in an inpatient setting for a week followed 
by outpatient settings for total 12  weeks study period. 
They were randomized to the control diet (CON) group, 
administration of canagliflozin 100 mg/day to the control 
diet (SGLT2) group, and CRIC diet groups. The control 
diet was designed to provide 28 kcal/kg multiple by ideal 
body weight with ~  60% of total daily energy require-
ments from carbohydrates, ~  25% from fat, and ~  15% 
from protein. The carbohydrate-restrictive iso-caloric 
diet group (CRIC) intervention consisted of ~  54% of 
energy from carbohydrate, ~  29% of energy from fat, 
17% of energy from protein with energy contents of 
25  kcal·kg-1 ideal body weight·day-1. In control group 
(CON) and SGLT2i groups, control diet was provided 
and CRIC diet for CRIC group, by registered dietitians 
with monthly medical dietary advice to receive allocated 
intervention for three months. Participants received 
education in medical diet counselling in addition to the 
standard outpatient nutrition education as described for 
the control group. The medical diet counselling consists 
of four sessions of an hour each, two sessions in inpatient 
and followed by two sessions in outpatient clinic. The 
counselling uses trained dietitians following a planned 
curriculum which include experience-based learning 
with problem-solving exercises, hands-on activities, 
short theoretical presentations, discussions of motiva-
tional aspects and coping strategies. The counselling 
integrates peer modelling, skills development, goal set-
ting, observational learning and social support into the 
counselling content and activities. The training includes 
identifying carbohydrates in food, reading carbohydrate 
tables, calculating the carbohydrate content from food 
labels, tables and food guide text, and use of a person-
alized carbohydrate plan with guiding suggestions for 
daily intake of carbohydrates at meals based on personal 
dietary recordings including plasma glucose measure-
ments. All groups received the same insulin regimen. 
Randomization was performed using the minimization 
method with the following background factors: blood 
glucose level and age. The target fasting and postpran-
dial blood glucose concentrations were 4.5–6.1  mmol/L 
(80–110  mg/dL) and 4.5–7.8  mmol/L (80–140  mg/dL), 
respectively. The insulin dose was adjusted using an insu-
lin algorithm adopted from a previous study [3], accord-
ing to the blood glucose concentration measured by the 
previous day using a glucose meter (One Touch; John-
son & Johnson). The starting dose of insulin was 0.2 IU/
kg/day (1:1 basal–bolus). The basal insulin dose (insulin 
glargine) was increased by 2, 3 and 4 IU for fasting blood 
glucose concentrations elevations of 6.1–7.7  mmol/L 
(110–139  mg/dL), 7.8–9.9  mmol/L (140–179  mg/dL) 
and more than 10  mmol/L (> 180  mg/dL), respectively. 

The bolus insulin dose (insulin aspart) was increased by 
2 and 3  IU for postprandial blood glucose concentra-
tions of 7.8–9.9 mmol/L (140–179 mg/dL) and more than 
10  mmol/L (> 180  mg/dL), respectively. The schematic 
description that represent the outline in this study (Addi-
tional file 1).

Procedures and study design
Patients received meals thrice a day with insulin treat-
ment alogism in an inpatient setting for a week and fol-
lowed every month to 12  weeks study period. After 
an overnight fast and a 1-h basal period, patients con-
sumed a mixed meal (within 10  min) comprising 60% 
carbohydrate, 25% fat, and 15% protein with a total 
calorie content of 28  kcal/kg for the CON. The SGLT2 
group provided the CON diet with adding canagliflozin 
100  mg/day. The CRIC diet regimen (n = 7) was as fol-
lows: 25  kcal/kg ideal body weight; 54% of total caloric 
intake was based on carbohydrate based on 28  kcal/kg 
SBW with a decreased dose of approximately 50  g. The 
feasibility of the diets tested in this study was confirmed 
by registered nutritionists, who contacted patients during 
treatment on a monthly basis. All registered nutrition-
ists independently evaluated the patients’ dietary records 
[13, 14]. Indirect calorimetry (METALYZER® 3 B; COR-
TEX, Germany) was conducted the same environment 
on the day before the initiation of treatment and 1- and 
12-weeks post-treatment. The measurements were per-
formed for 10-min periods at the following times: − 30 
to − 20  min before the meal, and 30–60, 90–120, 150–
180, and 210–240  min after the meal. Blood samples 
were collected at the same time points.

Efficacy end‑points
The primary efficacy end-point was the total daily dose 
of insulin required to achieve euglycemia, which was 
defined as a daily mean pre-prandial blood glucose con-
centration of ≤ 7.8 mmol/L (140 mg/dL). The secondary 
efficacy end-points including EE and RQ, as measured 
by indirect calorimetry performed one day before treat-
ment day, day 7 and after 12 weeks. Oxygen consumption 
and carbon dioxide production were measured to calcu-
late the EE and RQ. According to the Weir equation, EE 
was calculated without using urinary urea nitrogen levels 
[14]. Protein oxidation was determined from 24-h uri-
nary nitrogen excretion, and the carbohydrate and lipid 
oxidation rates were determined from the non-protein 
RQ. EE and RQ were assessed at the steady state, which 
was defined as the 10-min time period during which the 
average minute-by-minute changes in oxygen consump-
tion and carbon dioxide production were < 10% and the 
average RQ change was < 5% [16]. The average RQ and EE 
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at the steady state were measured at each 10-min record-
ing period.

The exploratory end-points included the changes in 
daily urinary glucose excretion, 3β-hydroxybutyrate, 
acetoacetate concentrations, body weight, systolic blood 
pressure, and diastolic blood pressure.

Drug safety
The safety parameters were assessed in terms of adverse 
events, hypoglycemic events. and laboratory test values. 
The adverse events were evaluated by the attending phy-
sicians. The absence of diabetic ketoacidosis was evalu-
ated by measuring plasma and urine ketone bodies.

Body composition
Body composition was assessed pre-and post-interven-
tion after 12 weeks using the InBody Composition Ana-
lyzer (InBody Japan, Tokyo, Japan).

Statistical analysis
The mechanism and the magnitude of the SGLT2i by 
which improves hyperglycemia were mainly reported in 
patients with oral antidiabetic treatment [17, 18]. To our 
knowledge, only few studies were elucidated to evaluate 
the insulin requirement with SGLT2i. To address this crit-
icism, the sample size calculation in this study was based 
on the insulin requirement to achieve euglycemia in our 
previous study [3]. Regarding to our previous study, the 
dose of daily total insulin requirement difference between 
two groups, multiple insulin injection alone and adding 
SGLT2 inhibitor to multiple insulin injection, was 0.14U/
kg/day and the standard deviation was 0.16 U/kg/day. 
This allows us to calculate the number in this study was 
24 participants in three arms. Twenty-four patients were 

required (8 per group) to achieve a significance level of 
5% and statistical power of 80%. Therefore, we planned to 
enroll 10 patients per group after accounting for poten-
tial dropouts. The efficacy data were analyzed in the full 
analysis set, defined as all patients who were registered 
in the study, randomized to either group, who received at 
least one dose of the study drug, and in whom some data 
were recorded after the start of treatment. Safety analyses 
were performed in all registered patients and those who 
received at least one dose of the allocated study treat-
ment. The results were presented as the mean ± standard 
deviation or median (interquartile range) for normally 
and non-normally distributed variables, respectively. The 
within-group changes in variables were analyzed using 
the paired t-test and Wilcoxon signed-rank test for nor-
mally and non-normally distributed variables, respec-
tively. Two-way ANOVA for time-series data. Statistical 
significance was set at p-values < 0.05. All analyses were 
conducted using JMP version 12 (www. JMP. com).

Results
A total of 26 patients were initially screened for this 
study upon admission. However, three patients with-
drew consent for participation, and the remaining 23 
were randomly assigned to the CON, insulin + cana-
gliflozin (SGLT2i) and CRIC (Table  1) groups. The 
baseline characteristics of the patients in three 
groups were comparable (Table  1). The mean ± stand-
ard deviation of the duration of diabetes (0.8 ± 0.6, 
4.4 ± 2.6, 4.5 ± 2.1  years), age (50.4 ± 14.0, 53.8 ± 15.2, 
56.9 ± 15.6  years), sex (male/female; 4/4, 6/2, 4/3), 
height (cm; 165.5 ± 12.4, 165.2 ± 9.5, 160.9 ± 7.8), 
weight (75.9 ± 16.6, 672.7 ± 18.7, 65.4 ± 9.4  kg), BMI 
(27.7 ± 5.1, 26.3 ± 5.1, 25.2 ± 3.0  kg/m2), total body 

Table 1 Characteristics and anthropometric measurements of the study subjects

Data are mean ± standard deviation

%△Control, %△SGLT2i, %△CRIC: percentage differs from 12 to 0w in various parameters

SGLT2i, renal sodium/glucose cotransporter-2 inhibitor; CRIC, carbohydrate restricted iso-caloric diet

*p < 0.05 (t test) %△Control vs %△CRIC

**p < 0.05 (t test) %△SGLT2i vs %△CRIC

Pre (0w) Post treatment (12w)

Control SGLT2i CRIC Control %△Control SGLT2i %△SGLT2i CRIC %△CRIC

Duration of diabetes (years) 0.8 ± 0.6 4.4 ± 2.6 4.5 ± 2.1 – – – – – –

Age (years) 50.4 ± 14.0 53.8 ± 15.2 56.9 ± 15.6 – – – – – –

Sex (Male/Female) 4/4 6/2 4/3 – – – – – –

Height (cm) 165.5 ± 12.4 165.2 ± 9.5 160.9 ± 7.8 – – – – – –

Weight (kg) 75.9 ± 16.6 72.7 ± 18.7 65.4 ± 9.4 71.7 ± 15.8 -2.2 ± 6.8 70.2 ± 16.5 1.1 ± 5.0 66.8 ± 9.8 2.4 ± 6.2

BMI (kg/m2) 27.7 ± 5.1 26.3 ± 5.1 25.2 ± 3.0 26.2 ± 4.1 -2.2 ± 6.8 25.9 ± 4.4 1.1 ± 5.0 25.8 ± 2.8 2.4 ± 6.2

Total body muscle mass (kg) 49.2 ± 12.3 51.1 ± 13.1 42.8 ± 6.4 50.5 ± 15.6 2.7 ± 6.2 50.3 ± 12.7 3.0 ± 2.0 46.6 ± 8.1 8.6 ± 5.8 * **

Total body fat mass (kg) 23.5 ± 12.0 18.4 ± 6.5 19.9 ± 5.5 17.9 ± 10.1 -15.5 ± 25.2 16.8 ± 4.7 -2.1 ± 20.3 17.3 ± 6.3 -12.6 ± 16.7

http://www.JMP.com
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muscle mass (49.2 ± 12.3, 51.1 ± 13.1, 42.8 ± 6.4  kg) 
and total body fat mass (23.5 ± 12.0, 18.4 ± 6.5, 
19.9 ± 5.5  kg) were similar in the CON, SGLT2i and 
CRIC groups, respectively. After the 12-weeks treat-
ment period, weight, BMI, total body fat mass changes 
were similar in all three groups (Table  1). The post 
12-weeks percentages changes in total body muscle 
mass in the CRIC significantly increased compared to 
the CON and the SGLT2i (Table 1).

Efficacy end‑point: insulin requirement
The co-administration of canagliflozin was associated 
with significantly lower total insulin doses compared 
to the CRIC diet during post-treatment weeks 1 and 
12 (0.55 ± 0.14 vs 0.73 ± 0.16 U/kg and 0.57 ± 0.10 vs 
0.84 ± 0.30 U/kg, p < 0.05; Fig. 1). The total insulin doses 
were similar between the CON and SGLT2i groups. The 
post-prandial glycemic response was similar in all three 
groups at pre- and 12  weeks (Fig.  2A and B). The area 
under the curve of the mean pre-prandial blood glucose 
obtained at baseline was comparable for all groups (data 
not shown). The level of urinary glucose excretion was 
higher in all groups at baseline, as might be expected 
considering the severity of hyperglycemia. Urinary glu-
cose excretion declined 12  weeks post-treatment in 
the CON and CRIC groups after the initiation of insu-
lin therapy. However, it remained higher in the SGLT2i 
group (data not shown). The serum 3β-hydroxybutyrate 
and acetoacetate concentrations tended to decrease in all 
three groups without significant differences.

Lipids
In Table  2, there were no significant changes in the 
HbA1c, HDL cholesterol, TG, serum leptin, and high 
molecular-weight adiponectin at baseline in all groups. 
The total cholesterol and LDL were higher at baseline 
in the CRIC group compared to the CON and SGLT2i 
groups (Table  2). After the 12w post -treatment, these 
variables were consistently higher in the CRIC group 
compared to the CON group. The %ΔLDL cholesterol 

Fig. 1 Total insulin dose to achieve euglycemia at baseline, 1 week 
and 12 weeks. Blue bars represent CON. Orange bars represent SGLTi. 
Gray bars represent CRIC. Data are mean ± SD. FFA, free fatty acid; 
CRIC, carbohydrate restricted-iso-caloric diet

Fig. 2 Post-prandial plasma glucose concentrations at baseline (A) and 12 weeks (B). Blue line represent CON. Orange line represent SGLTi. Gray line 
represent CRIC. Data are mean ± SD. FFA, free fatty acid; CRIC, carbohydrate restricted-iso-caloric diet
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(12w post-treatment-0w pre-treatment/0w pre-treat-
ment) was significantly attenuated in the CRIC group 
compared to the SGLT2i group at 12  weeks. The total 
cholesterol, HDL and LDL were significantly lower in 
CRIC compared to the CON at 12w post-treatment 
period. The serum total ketone body concentration 
before the initiation of treatment was 557.6 ± 753.1, 
329.2 ± 314.4, 751.7 ± 1172.0  μmol/L in the CON, 
SGLT2i and CRIC groups, respectively. Regarding the 
pre- and post-prandial free fatty acid levels in pretreat-
ment, the specific concentration at 210 min was signifi-
cantly elevated in CON compared to the SGLT2i (data 
not shown). However, the overall time-series data rep-
resents post-prandial free fatty acid levels were similar 
in all three groups, in pretreatment and 12  weeks later, 
according to the two-way ANOVA analysis (Fig. 3A, B).

Efficacy end‑points: whole body energy metabolism
As shown in Fig. 4, there was no marked difference in 
the fasting total EE (0) in any group, despite achiev-
ing euglycemia with different net calorie balance val-
ues (i.e., excessive urinary glucosuria in SGLT2i and 
low carbohydrate intake in CRIC). The EE measured 
30 and 150 min after food intake was higher than that 

at baseline (EE 0) in the SGLT2i and CRIC groups 
(p = 0.03 and 0.03, respectively) but not in the CON 
group, which may be attributed to the thermic effect 
of nutrient calorie intake. The pre- and post-treatment 
(12  weeks) protein oxidation did not change in any 
group.

The fasting RQ was marginally lower in the SGLT2i 
group compared to the CON group (p = 0.049). The 
delta-RQ (postprandial RQ/fasting RQ) was elevated 
due to increased carbohydrate substrate utilization at 
delta-RQ90 (the difference between RQ0min and the 
RQ90min) in SGLT2i group (p = 0.04) compared to the 
CON group. In the CRIC group, the delta-RQ30 (the 
difference between RQ0min and the RQ30min) and 
delta-RQ90 were significantly increased compared to 
the CON group (p = 0.03). respectively) (Fig. 5A, B).

Safety concerns
Treatment-emergent adverse events were not observed 
in this study population. An independent attending 
physician determined that none of the symptoms were 
related to the treatment protocols. None of the patients 
developed symptoms during the CRIC regimen.

Table 2 Changes of all the laboratory results

Data are mean ± standard deviation

%△SGLT2i vs %△CRIC. %△Control, %△SGLT2i, %△CRIC: percentage differs from 12 to 0w in various parameters

SGLT2i, renal sodium/glucose cotransporter-2 inhibitor; CRIC, carbohydrate restricted iso-caloric diet; H-M, high molecular; AcAc, acetoacetic acid; 3-OHBA, 
3-hydroxybutyric acid

*p < 0.05 (t test) %△Control vs %△SGLT2i

**p < 0.05 (t test) Control vs CRIC

***p < 0.05 (t test) SGLT2i vs CRIC

Pre (0w) Post treatment (12w)

Control SGLT2i CRIC Control %△Control SGLT2i %△SGLT2i CRIC %△CRIC

HbA1c (%) 12.9 ± 1.8 11.8 ± 1.3 12.8 ± 1.8 5.6 ± 0.6 − 55.5 ± 8.7 6.1 ± 0.6 − 48.4 ± 7.7 6.1 ± 0.7 − 51.9 ± 7.0

T-CHO 
(mg/dl)

196.4 ± 36.2 192.1 ± 43.7 239.9 ± 29.8**,*** 164.5 ± 32.8 − 15.5 ± 13.7 199.9 ± 60.5 − 2.0 ± 14.0* 205.0 ± 28.9** − 14.1 ± 10.8

HDL-C 
(mg/dl)

44.6 ± 9.1 49.9 ± 13.0 50.9 ± 10.8 47.5 ± 8.1 7.5 ± 10.7 59.4 ± 17.2 18.1 ± 12.7 59.6 ± 10.1** 18.5 ± 15.9

LDL-C 
(mg/dl)

119.4 ± 28.6 119.3 ± 38.3 163.6 ± 29.2**,*** 102.4 ± 30.9 − 14.9 ± 19.2 125.4 ± 52.2 − 3.1 ± 14.6 132.7 ± 32.6** − 18.9 ± 13.8***

TG (mg/dl) 146.3 ± 56.3 166.9 ± 94.8 170.9 ± 119.7 92.4 ± 44.4 − 35.5 ± 25.0 107.0 ± 44.6 − 25.0 ± 25.2 85.6 ± 17.4 − 37.8 ± 22.4

Leptin 
(ng/ml)

19.4 ± 11.7 12.3 ± 6.7 13.3 ± 6.4 21.3 ± 19.5 11.9 ± 57.0 13.5 ± 8.1 17.6 ± 36.9 22.1 ± 19.0 55.2 ± 87.7

H-M adi-
ponectin 
(µg/ml)

1.76 ± 0.80 1.81 ± 1.55 1.86 ± 0.66 2.47 ± 1.04 53.7 ± 62.5 3.18 ± 2.34 71.5 ± 44.4 2.85 ± 1.66 50.8 ± 59.3

T-ketone 
(µmol/l)

557.6 ± 753.1 329.2 ± 314.4 751.7 ± 1172.0 256.8 ± 245.4 − 5.7 ± 87.3 349.0 ± 496.4 − 25.8 ± 71.3 173.0 ± 121.5 − 24.8 ± 91.7

AcAc 
(µmol/l)

124.1 ± 116.4 96.8 ± 76.8 205.1 ± 298.7 77.8 ± 66.8 4.1 ± 100.6 75.4 ± 76.4 − 28.0 ± 58.5 52.1 ± 40.6 − 29.8 ± 89.3

3-OHBA 
(µmol/l)

433.4 ± 638.4 232.3 ± 238.5 546.6 ± 873.5 179.0 ± 179.6 − 8.3 ± 84.1 273.6 ± 425.7 − 24.6 ± 78.0 120.9 ± 82.6 − 22.2 ± 93.2
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Discussion
This study aimed to evaluate whether the pathways of 
carbohydrate availability changes has any effect on insu-
lin requirement and macronutrient substrate utilization 
with energy expenditure in type 2 diabetes, requiring 
multiple daily insulin injections. Although reduced net 

carbohydrate availability in SGLT2i and CRIC groups 
were similar, the total daily insulin dose required to 
achieve euglycemia was significantly increased in the 
CRIC compared to the CON. Fasting EE were similar in 
all groups and postprandial EE, which related to diet-
induced thermogenesis, was significantly elevated in 
SGLT2i and CRIC groups compared to the CON group. 
Compare to the CON, lower basal fasting RQ, indicat-
ing continuous lipid substrate utilization in SGLT2i and 
CRIC groups. Increasing early phase post prandial delta-
RQ (postprandial RQ/fasting RQ) in SGLT2i and CRIC 
groups, compare to the CON, suggesting that reduced 
net carbohydrate availability leads to in part modifying 
carbohydrate substrate metabolism effectively.

Insulin requirement
Although, in this prospective 12-week study, the plasma 
glucose and FFA responses after the meal were compa-
rable in the SGLT2i and CRIC groups (Fig.  3A and B), 
the total insulin requirement was significantly higher 
in CRIC compared to SGLT2i during the study period 
(Fig.  1). Increased total body muscle mass and higher 
total daily dose of insulin within the CRIC group, impli-
cating increased anabolic demands due to the relatively 
high proportion of the protein intake [22, 23] Data from 
series of studies suggest that high protein intake could 
have detrimental metabolic effects; acute intravenous 
amino acid infusion or protein ingestion reduces insulin 

Fig. 3 Post-prandial plasma FFA levels at baseline (A) and 12 weeks (B). Blue line represent CON. Orange line represent SGLTi. Gray line represent 
CRIC. Data are mean ± SD. FFA, free fatty acid; CRIC, carbohydrate restricted-iso-caloric diet

Fig. 4 Basal and post-prandial energy expenditure changes. Blue 
bars represent CON. Orange bars represent SGLTi. Gray bars represent 
CRIC. Data are mean ± SD. FFA, free fatty acid; CRIC, carbohydrate 
restricted-iso-caloric diet; EE, energy expenditure. ΔEE represent the 
difference between fasting EE. *p < 0.05 were considered statistically 
significant
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sensitivity [24–27], and habitual high protein intake is 
associated with insulin resistance and increased risk of 
developing type 2 diabetes [28–30].

The mechanisms responsible for the adverse effect of 
the CRIC diet on insulin action are unclear. Whereby, 
adding an SGLT2 inhibitor to intensive insulin therapy 
may have some effect in overcoming glucotoxicity by 
reducing extracellular glucose availability. Studies con-
ducted in cultured myotubes, and isolated skeletal mus-
cles in rodents have demonstrated that amino acids, 
especially the branched-chain amino acid leucine, can 
impair insulin-mediated glucose uptake by adenosine 
monophosphate-activated protein kinase (AMPK)-medi-
ated mammalian target of rapamycin (mTOR) phospho-
rylation and subsequent negative feedback inhibition 
of phosphatidylinositol 3-kinase (PI3K)-AKT signaling 
[31, 32]. Therefore, the discrepancy between the urinary 
carbohydrate loss and equivalent reduction in dietary 
carbohydrate intake, consequently to the negative car-
bohydrate balance in the entire metabolic response in 
patients with type 2 diabetes, a relatively high protein 
intake ratio nullifies the beneficial effects of insulin and 
subsequently increases the daily dose of insulin.

Impact of the method used to limit carbohydrate 
availability (low oral intake or high urinary output) on EE
SGLT2 inhibitors enhance urinary glucose excretion, and 
thus increased whole body energy loss [33]. The rest-
ing EE were similar in all groups in this study. We first 

assumed that SGLT2i group had a lower capacity to 
maintain negative energy balance (urinary elimination 
of glucose of approximately 50  g per day accounts for 
energy loss of 200  kcal/day) during urinary energy loss 
(i.e., glucosuria), which inhibits adaptive thermogen-
esis, leading to a suppression in the EE [12, 34]. SGLT2 
inhibitors are associated with a reduction in body weight, 
which appears to be mediated by increased energy loss as 
a common denominator [20]. The whole-body baseline 
EE did not differ in the CON, SGLT2i and CRIC groups.

However, energy consumption did not differ between 
the CON and SGLT2i treatment groups, suggesting that 
baseline EE was more likely to respond to ingested calo-
ries than the whole-body net energy balance; the SGLT2i 
group had extra urinary calorie loss, even if the calorie 
intake was the same as the CON group. The degree of 
post-prandial EE depends on the proportion of macronu-
trient intake [35]. Underlining this process, the EE after 
the protein ingestion was higher compared to the carbo-
hydrate and fat intake [36]. We observed that increased 
post-prandial EE in the CRIC group associated with a 
relatively high proportion of protein intake would have 
an impact on the EE.

Impact of the route of limited carbohydrate availability 
(low oral intake or high urinary output) on the respiratory 
quotient
In the physiological state, the daily whole-body RQ is 
characterized by diurnal fluctuations, reflective of a 

Fig. 5 Fasting (A) and post-prandial respiratory quotient (RQ) changes (B). Blue bars represent CON. Orange bars represent SGLTi. Gray bars 
represent CRIC. Data are mean ± SD. FFA, free fatty acid; CRIC, carbohydrate restricted-iso-caloric diet; RQ, respiratory quotient. ΔRQ represent the 
difference between fasting RQ. *p < 0.05 were considered statistically significant
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metabolically flexible state in which the mitochondria 
switch the energy substrates (lipids and carbohydrates) 
based on the nutritional and physiological cues [37]. A 
high RQ is indicative of glucose oxidation, whereas a low 
RQ reflects predominant fat oxidation, where the role of 
amino acids as an oxidative substrate is only minimal. 
Similar to previous studies [3], the basal RQ was lower 
in the SGLT2i group compared to the CON, owing to 
the reliance on enhanced fat oxidation during the fast-
ing state in the SGLT2i group. Although not significant, 
the basal RQ in the CRIC group tended to be lower com-
pared to the CON group. The basal RQ would be resulted 
by the whole-body carbohydrate availability, and not the 
net carbohydrate loss.

Progression toward the postprandial state is accompa-
nied by increased carbohydrate oxidation and a corre-
sponding increase in the RQ in individuals with normal 
physiology [37]. The differences between the fasting and 
post-prandial respiratory exchange ratio were similar 
in SGLT2i and CRIC. This indicates that the amount of 
remaining carbohydrate in the body was essential for post 
prandial whole-body energy metabolisms. The difference 
in the method of energy dissipation, i.e., decreased oral 
intake or increased urinary glucose loss, did not contrib-
ute to the post prandial whole-body energy expenditure.

There were several limitations to the present study. 
First, we only enrolled in-patients with type 2 diabetes; 
however, this was necessary because we needed to reg-
ularly obtain blood and urine samples to measure the 
metabolic substrates, EE and RQ at multiple times under 
controlled conditions. Second, the result of the fasting-
to-fed state experiments were obtained from a single 
meal per day for 12 weeks and may not be generalized to 
the entire study period. Third, we could not evaluate the 
effects of ketone bodies or the activities of different gly-
colytic pathways using tracer methodologies. Finally, the 
short treatment period (12  weeks) might be insufficient 
to observe clinically meaningful changes in some vari-
ables; therefore, long-term studies are necessary to verify 
the present results.

In conclusion, we compared the effect of reduced car-
bohydrate availability using two different approaches 
(low intake or high urinary output) to assess the insulin 
requirement to achieve euglycemia, whole-body EE, and 
metabolic flexibility (RQ) in the fasting and postpran-
dial states in patients with type 2 diabetes. The total daily 
dose of insulin was higher in the CRIC group compared 
to the SGLT2i group, possibly due to increased anabolic 
demands, which related to the high proportion of protein 
intake compared to the SGLT2i and CON groups. The 
baseline EE was similar in all groups; however, the post-
prandial EE increased with SGLT2i and the CRIC diet, 
which indicates that the proportionally high protein and 

fat availability altered the substrate preference, rendering 
it amenable to macronutrient oxidation. Furthermore, 
the decreased fasting RQ and increased postprandial 
RQ in both SGLT2i and CRIC groups indicates similar 
metabolic flexibility in response to similar macronutrient 
availability.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13098- 023- 00990-6.

Additional file 1: Study design.

Acknowledgements
The authors wish to thank Dr. David Kipler, PhD) of the University of Tokyo 
(International Medical Writing) for providing editorial assistance.

 Author contributions
HI, HU and MK wrote the main manuscript text and KH, GK, FY, MF and NW 
collected the data and prepared all figures. SU, MM and TK checked the 
guide-line for the human research in our institution. All authors reviewed the 
manuscript. All authors read and approved the final manuscript.

 Funding
H.I. received the research funding from Mitsubishi Tanabe Pharma Corpora-
tion, 3235.

 Availability of data and materials
All study data were registered and available at the National University Hospital 
Medical Information Network (UMIN Clinical Trials Registry: UMIN0000 27262).

Declarations

Ethics approval and consent to patriciate
The protocol was reviewed by the Japanese authorities in accordance with 
local regulations followed by review and approval by the institutional review 
board of Toho University Omori Medical Center (M1618917, 11717238). The 
consent to participate and consent to publish are also review and approved. 
The study was conducted in accordance with the International Conference 
on Harmonization Guidelines for Good Clinical Practice and the Declaration 
of Helsinki [11]. The study was registered with the National University Hospital 
Medical Information Network (UMIN Clinical Trials Registry: UMIN0000 27262).

Competing interests
The authors have no competing interests as defined by BMC, or other interests 
that might be perceived to influence the results and/or discussion reported in 
this paper.

Received: 8 December 2022   Accepted: 6 February 2023

References
 1. Steven S, Hollingsworth KG, Al-Mrabeh A, Avery L, Aribisala B, Caslake M, 

Taylor R. Very low-calorie diet and 6 months of weight stability in type 2 
diabetes: pathophysiological changes in responders and nonresponders. 
Diabetes Care. 2016;39(5):808–15.

 2. Mitri J, Tomah S, Mottalib A, Salsberg V, Ashrafzadeh S, Pober DM, Eldib 
AH, Tasabehji MW, Hamdy O. Effect of dairy consumption and its fat 
content on glycemic control and cardiovascular disease risk factors in 
patients with type 2 diabetes: a randomized controlled study. Am J Clin 
Nutr. 2020;112(2):293–302.

 3. Kanazawa K, Uchino H, Shigiyama F, Igarashi H, Ikehara K, Yoshikawa F, 
Usui S, Miyagi M, Yoshino H, Ando Y, Kumashiro N, Hirose T. Sustained 

https://doi.org/10.1186/s13098-023-00990-6
https://doi.org/10.1186/s13098-023-00990-6


Page 10 of 10Igarashi et al. Diabetology & Metabolic Syndrome           (2023) 15:25 

fasting glucose oxidation and postprandial lipid oxidation associated 
with reduced insulin dose in type 2 diabetes with sodium-glucose 
cotransporter 2 inhibitor: a randomized, open-label, prospective study. J 
Diabetes Investig. 2019;10(4):1022–31.

 4. Bae JH, Park EG, Kim S, Kim SG, Hahn S, Kim NH. Effects of sodium-glucose 
cotransporter 2 inhibitors on renal outcomes in patients with type 2 dia-
betes: a systematic review and meta-analysis of randomized controlled 
trials. Sci Rep. 2019;9(1):13009.

 5. Hsu J, Wang C, Su MM, Lin L, Yang W. Effect of empagliflozin on cardiac 
function, adiposity, and diffuse fibrosis in patients with type 2 diabetes 
mellitus. Sci Rep. 2019;9(1):15348.

 6. Neeland IJ, Rocha NA, Hughes C, Ayers CR, Malloy CR, Jin ES. Effects 
of empagliflozin treatment on glycerol-derived hepatic gluconeo-
genesis in adults with obesity: a randomized clinical trial. Obesity. 
2020;28(7):1254–62.

 7. Filion KB, Lix LM, Yu OH, Dell’Aniello S, Douros A, Shah BR, St-Jean A, Fisher 
A, Tremblay E, Bugden SC, Alessi-Severini S, Ronksley PE, Hu N, Dormuth 
CR, Ernst P, Suissa S. Sodium glucose cotransporter 2 inhibitors and risk of 
major adverse cardiovascular events: multi-database retrospective cohort 
study. BMJ. 2020;370: m3342.

 8. DeFronzo RA, Ferrannini E, Groop L, Henry RR, Herman WH, Holst JJ, Hu 
FB, Kahn CR, Raz I, Shulman GI, Simonson DC, Testa MA, Weiss R. Type 2 
diabetes mellitus. Nat Rev Dis Primers. 2015;1:15019.

 9. Chen J, Fan F, Wang J, et al. The efficacy and safety of SGLT2 inhibitors for 
adjunctive treatment of type 1 diabetes: a systematic review and meta-
analysis. Sci Rep. 2017;7:44128.

 10. Ferrannini E. Sodium-glucose co-transporters and their inhibition: clinical 
physiology. Cell Metab. 2017;26(1):27–38.

 11. Ferrannini E, Muscelli E, Frascerra S, et al. Metabolic response to sodium-
glucose cotransporter 2 inhibition in type 2 diabetic patients. J Clin 
Invest. 2014;124(2):499–508.

 12. ICH Expert Working Group. ICH harmonized tripartite guideline: guideline 
for good clinical practice E6 (R1); 1996.

 13. Martin GS, Tapsell LC, Denmeade S, Batterham MJ. Relative validity of a 
diet history interview in an intervention trial manipulating dietary fat in 
the management of Type II diabetes mellitus. Prev Med. 2003;36(4):420–8.

 14. Fearon-Lynch JA, Sethares KA, Asselin ME, Batty K. Effects of guided 
reflection on diabetes self-care: a randomized controlled trial. Diabetes 
Educ. 2019;45(1):66–79.

 15. Lorenzo AD, Renzo LD, Morini P, Miranda RC, Romano L, Colica C. New 
equations to estimate resting energy expenditure in obese adults from 
body composition. Acta Diabetol. 2018;55(1):59–66.

 16. McClave SA, Snider HL. Use of indirect calorimetry in clinical nutrition. 
Nutr Clin Pract. 1992;7:207–21.

 17. Bailey CJ, Gross JL, Hennicken D, Iqbal N, Mansfield TA, List JF. Dapagliflo-
zin add-on to metformin in type 2 diabetes inadequately controlled with 
metformin: a randomized, double-blind, placebo-controlled 102-week 
trial. BMC Medicine. 2013;11:43.

 18. Rosenstock J, Vico M, Wei L, Salsali A, List JF. Effects of dapagliflozin, 
an SGLT2 inhibitor, on HbA1c, body weight, and hypoglycemia risk in 
patients with type 2 diabetes inadequately controlled on pioglitazone 
monotherapy. Diabetes Care. 2012;35(7):1473–8.

 19. Packer M. Role of deranged energy deprivation signaling in the patho-
genesis of cardiac and renal disease in states of perceived nutrient 
overabundance. Circulation. 2020;141(25):2095–105.

 20. Rajeev SP, Cuthbertson DJ, Wilding JPH. Energy balance and metabolic 
changes with sodium-glucose co-transporter 2 inhibition. Diabetes Obes 
Metab. 2016;18(2):125–34.

 21. Giralt M, Villarroya F. Mitochondrial uncoupling and the regulation of 
glucose homeostasis. Curr Diabetes Rev. 2017;13(4):386–94.

 22. Takae R, Hatamoto Y, Yasukata J, Kose Y, Komiyama T, Ikenaga M, 
Yoshimura E, Yamada Y, Ebine N, Higaki Y, Tanaka H. Physical activity and/
or high protein intake maintains fat-free mass in older people with mild 
disability; the fukuoka island city study: a cross-sectional study. Nutrients. 
2019;11(11):2595.

 23. Bhasin S, Apovian CM, Travison TG, Pencina K, Moore LL, Huang G, 
Campbell WW, Li Z, Howland AS, Chen R, Knapp PE, Singer MR, Shah M, 
Secinaro K, Eder RV, Hally K, Schram H, Bearup R, Beleva YM, McCarthy AC, 
Woodbury E, McKinnon J, Fleck G, Storer TW, Basaria S. Effect of protein 
intake on lean body mass in functionally limited older men: a rand-
omized clinical trial. JAMA Intern Med. 2018;178(4):530–41.

 24. Matta J, Mayo N, Dionne IJ, Gaudreau P, Fulop T, Tessier D, Gray-Donald K, 
Shatenstein B, Morais JA. Muscle mass index and animal source of dietary 
protein are positively associated with insulin resistance in participants of 
the NuAge study. J Nutr Health Aging. 2016;20(2):90–7.

 25. Lee CC, Watkins SM, Lorenzo C, Wagenknecht LE, Ilyasova D, Chen YI, 
Haffner SM, Hanley AJ. Branched-chain amino acids and insulin metabo-
lism: the insulin resistance atherosclerosis study (IRAS). Diabetes Care. 
2016;39(4):582–8.

 26. Smith GI, Yoshino J, Stromsdorfer KL, Klein SJ, Magkos F, Reeds DN, 
Klein S, Mittendorfer B. Protein ingestion induces muscle insulin resist-
ance independent of leucine-mediated mTOR activation. Diabetes. 
2015;64(5):1555–63.

 27. Robinson MM, Soop M, Sohn TS, Morse DM, Schimke JM, Klaus KA, Nair 
KS. High insulin combined with essential amino acids stimulates skeletal 
muscle mitochondrial protein synthesis while decreasing insulin sensitiv-
ity in healthy humans. J Clin Endocrinol Metab. 2014;99(12):E2574-2583.

 28. Sluijs I, Beulens JW, van der A DL, Spijkerman AM, Grobbee DE, van der 
Schouw YT. Dietary intake of total, animal, and vegetable protein and risk 
of type 2 diabetes in the European Prospective Investigation into Cancer 
and Nutrition (EPIC)-NL study. Diabetes Care. 2010;33(1):43–8.

 29. Tinker LF, Sarto GE, Howard BV, Huang Y, Neuhouser ML, Mossavar-
Rahmani Y, Beasley JM, Margolis KL, Eaton CB, Phillips LS, Prentice RL. 
Biomarker-calibrated dietary energy and protein intake associations with 
diabetes risk among postmenopausal women from the Women’s Health 
Initiative. Am J Clin Nutr. 2011;94(6):1600–6.

 30. Shan R, Duan W, Liu L, Qi J, Gao J, Zhang Y, Du S, Han T, Pang X, Sun C, Wu 
X. Low-carbohydrate, high-protein, high-fat diets rich in livestock, poultry 
and their products predict impending risk of type 2 diabetes in Chinese 
individuals that exceed their calculated caloric requirement. Nutrients. 
2018;10(1):77.

 31. Iwanaka N, Egawa T, Satoubu N, Karaike K, Ma X, Masuda S, Hayashi T. 
Leucine modulates contraction- and insulin-stimulated glucose transport 
and upstream signaling events in rat skeletal muscle. J Appl Physiol. 
2010;108(2):274–82.

 32. Saha AK, Xu XJ, Balon TW, Brandon A, Kraegen EW, Ruderman NB. Insulin 
resistance due to nutrient excess: is it a consequence of AMPK down-
regulation? Cell Cycle. 2011;10(20):3447–51.

 33. Bolinder J, Ljunggren Ö, Kullberg J, Johansson L, Wilding J, Langkilde AM, 
Sugg J, Parikh S. Effects of dapagliflozin on body weight, total fat mass, 
and regional adipose tissue distribution in patients with type 2 diabetes 
mellitus with inadequate glycemic control on metformin. J Clin Endo-
crinol Metab. 2012;97(3):1020–31.

 34. Hopkins M, Duarte C, Beaulieu K, Finlayson G, Gibbons C, Johnstone AM, 
Whybrow S, Horgan GW, Blundell JE, Stubbs RJ. Activity energy expendi-
ture is an independent predictor of energy intake in humans. Int J Obes. 
2019;43(7):1466–74.

 35. Adamska-Patruno E, Ostrowska L, Golonko A, Pietraszewska B, Goscik J, 
Kretowski A, Gorska M. Evaluation of energy expenditure and oxidation 
of energy substrates in adult males after intake of meals with varying fat 
and carbohydrate content. Nutrients. 2018;10(5):627.

 36. Ferrannini E. The theoretical bases of indirect calorimetry: a review. 
Metabolism. 1988;37:287–301.

 37. Schönfeld P, Wojtczak L. Short- and medium-chain fatty acids in energy 
metabolism: the cellular perspective. J Lipid Res. 2016;57(6):943–54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	SGLT2 inhibitor versus carbohydrate-restricted isocaloric diet: reprogramming substrate oxidation in type 2 diabetes
	Abstract 
	Objective 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Study design and ethics approval
	Participants
	Interventions
	Procedures and study design
	Efficacy end-points
	Drug safety
	Body composition
	Statistical analysis

	Results
	Efficacy end-point: insulin requirement
	Lipids
	Efficacy end-points: whole body energy metabolism
	Safety concerns

	Discussion
	Insulin requirement
	Impact of the method used to limit carbohydrate availability (low oral intake or high urinary output) on EE
	Impact of the route of limited carbohydrate availability (low oral intake or high urinary output) on the respiratory quotient

	Acknowledgements
	References


