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Abstract 
Context: Sodium-glucose cotransporter 2 (SGLT2) inhibitors lower blood glucose levels by promoting urinary glucose excretion, but their overall 
effects on hormonal and metabolic status remain unclear.
Objective: We here investigated the roles of insulin and glucagon in the regulation of glycemia in individuals treated with an SGLT2 inhibitor 
using mathematical model analysis.
Methods: Hyperinsulinemic-euglycemic clamp and oral glucose tolerance tests were performed in 68 individuals with type 2 diabetes treated 
with the SGLT2 inhibitor dapagliflozin. Data previously obtained from such tests in 120 subjects with various levels of glucose tolerance and not 
treated with an SGLT2 inhibitor were examined as a control. Mathematical models of the feedback loops connecting glucose and insulin (GI 
model) or glucose, insulin, and glucagon (GIG model) were generated.
Results: Analysis with the GI model revealed that the disposition index/clearance, which is defined as the product of insulin sensitivity and insulin 
secretion divided by the square of insulin clearance and represents the glucose-handling ability of insulin, was significantly correlated with 
glycemia in subjects not taking an SGLT2 inhibitor but not in those taking dapagliflozin. Analysis with the GIG model revealed that a metric 
defined as the product of glucagon sensitivity and glucagon secretion divided by glucagon clearance (designated production index/clearance) 
was significantly correlated with blood glucose level in subjects treated with dapagliflozin.
Conclusion: Treatment with an SGLT2 inhibitor alters the relation between insulin effect and blood glucose concentration, and glucagon effect 
may account for variation in glycemia among individuals treated with such drugs.
Key Words: glucagon, mathematical model, production index/clearance, SGLT2 inhibitor, type 2 diabetes
Abbreviations: AIC, Akaike information criterion; DI/cle, disposition index/clearance ([insulin sensitivity × insulin secretion]/[insulin clearance]2); EGP, 
endogenous glucose production; GI model, model of feedback loop connecting glucose and insulin; GIG model, model of the feedback loop connecting 
glucose, insulin, and glucagon; ISI, insulin sensitivity index; OGTT, 75-g oral glucose tolerance test; PG120, blood glucose levels at 120 minutes after the 
initiation of OGTT; PI/cle, production index/clearance; RSS, residual sum of the square; SGLT2, sodium-glucose cotransporter 2. 
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In addition to their hypoglycemic action due to the promo- under specific conditions [9-12]. Alt
tion of urinary glucose excretion, sodium-glucose cotrans
porter 2 (SGLT2) inhibitors provide multiple clinical 
benefits, including prevention of heart failure and preserva
tion of renal function [1-8]. Whereas such benefits are likely 
secondary effects of the inhibition of SGLT2 in proximal tu
bules, the hormonal and metabolic effects of SGLT2 inhibi
tors at the level of the whole body are not fully understood. 
These drugs augment endogenous glucose production (EGP) 

hough the mechanism 
underlying this phenomenon has remained unclear, it has 
been attributed to an increase in blood glucagon level reflect
ing either a compensatory response to urinary glucose loss 
[13] or direct stimulation of pancreatic α-cells [12]. A study 
based on pancreatic clamp analysis showed that the 
SGLT2 inhibitor–induced increase in EGP is, however, inde
pendent of the blood concentration of either glucagon or in
sulin [11].
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Mathematical models are informative for the study of phe
nomena in which various factors interact with each other and 
individual effects cannot be assessed directly [14, 15], with 
one example being the regulation of glucose homeostasis. 
We previously developed models for the regulation of blood 
glucose concentration based on time series data for blood glu
cose and insulin levels during consecutive hyperglycemic and 
hyperinsulinemic-euglycemic clamp analyses [15, 16]. Using 
these models, we showed the relevance of insulin clearance 
to the regulation of glucose homeostasis [16]. Furthermore, 
we proposed a novel metric, termed disposition index/clearance 

(DI/cle) and derived from insulin sensitivity, secretion, and 
clearance, and we showed that it well represents the capacity 
for glucose handling by insulin [16].

To gain insight into the effects of SGLT2 inhibitors on glucose 
metabolism, we have now mathematically analyzed hormonal 
and glycemia data obtained during a hyperinsulinemic- 
euglycemic clamp from individuals with type 2 diabetes under 
treatment with the SGLT2 inhibitor dapagliflozin. We here pro
vide evidence that the effect of glucagon is a key determinant of 
interindividual variation in glycemia among individuals treated 
with dapagliflozin.

Methods
Study Participants and Measurements
This study was conducted in accordance with the Declaration 
of Helsinki and its amendments was approved by the Ethics 
Committee of Kobe University Hospital (approval number: 
C180035), and it was registered in the Japan Registry of 
Clinical Trials (clinical trial number: jRCTs051180058). 
The participants were individuals with type 2 diabetes who 
were aged 20 to 75 years and had not taken an SGLT2 inhibi
tor within the past 1 month. They were recruited at Kobe 
University Hospital between August 2017 and September 
2020. All study participants provided written consent. 
Exclusion criteria are shown in Supplementary Table S1 [17].

Dapagliflozin (Forxiga; AstraZeneca K.K., Osaka, Japan– 
Ono Pharmaceutical Co. Ltd., Osaka, Japan) was administered 
to the study participants at a dose of 5 mg/day, and a 75-g oral 
glucose tolerance test (OGTT) and a hyperinsulinemic- 
euglycemic clamp test were performed on separate days 
between 3 and 6 days after the initiation of dapagliflozin treat
ment. The clamp test was conducted with the use of an artificial 
endocrine pancreas as described previously [18]. Detailed 
information for the OGTT and clamp test is provided in 
Supplementary Text S1 [17], and data obtained from 68 partic
ipants were analyzed (Supplementary Fig. S1 [17]).

For a control cohort not treated with SGLT2 inhibitors, we 
used previously published data obtained for an OGTT and a 
clamp test in 120 individuals comprising 50, 18, and 52 sub
jects with normal glucose tolerance, impaired glucose toler
ance, or type 2 diabetes, respectively [15]. The study was 
approved by the Ethics Committee of Kobe University 
Hospital, and written informed consent was obtained from 
all participants. In this earlier study of ours, a total of 121 par
ticipants, who had been recruited from October 2008 to June 
2014 at Kobe University Hospital, were initially included. 
Among these 121 individuals, the data for blood glucose levels 
at 120 minutes after the initiation of OGTT (PG120) was 
omitted for 1 subject. Therefore, we excluded this subject, re
sulting in the current study having 120 subjects. Detailed in
formation on all subjects is provided in Tables 1 and 2.

Mathematical Models
A mathematical model of the feedback loop that connects glu
cose and insulin, termed the glucose-insulin (GI) model, was 
developed. This model, which includes glucose flux from 
blood to urine, is an extension of a model we previously pro
posed [16]. SGLT2 inhibitors are antidiabetic drugs with the 
unique pharmacological characteristics of promoting urinary 
glucose excretion to nonphysiological levels. We therefore 
measured the urinary glucose excretion of the study partici
pants and included this parameter in our model. A mathemat
ical model of the feedback loop that connects glucose, insulin, 
and glucagon, termed the glucose-insulin-glucagon (GIG) 
model, was also generated. These models were fitted to the 
clamp test, as described previously [16]. Detailed descriptions 
of these models are provided in Supplementary Text S2 [17].

Parameter Estimation
The parameters of the models (with the exception of k8 and 
ku) for reproduction of the normalized time course of the 
clamp test were estimated by a meta-evolutionary program
ming method to search the minimum globally and subsequent 
application of the nonlinear least squares technique to search 
the minimum locally, as described previously [15], for each of 
the 68 patients with type 2 diabetes treated with the SGLT2 
inhibitor (Supplementary Text S2 [17]). Each parameter of 
the GI model was estimated in the range from 10−4 to 104. 
Each parameter (with the exception of kratio) of the GIG model 
was estimated in the range from 10−4 to 106. The parameter 
kratio was estimated in the range from 10−10 to 1 because it rep
resents the molar ratio of posthepatic insulin to C-peptide. 
The parameters were estimated to minimize the objective 
function value, which is defined as the residual sum of the 

Table 1. Characteristics of subjects with or without SGLT2 inhibitor treatment

Characteristic With SGLT2i treatment Without SGLT2i treatment

Total NGT IGT T2DM

Number 68 120 50 18 52
Sex (male/female) 46/22 66/54 23/27 11/7 32/20
Age (years) 60.5 (54.0-69.0) 40.0 (28.0-58.0) 27.5 (25.0-34.0) 38.0 (33.0-42.5) 58.5 (43.3-63.8)
BMI (kg/m2) 25.5 (23.0-29.1) 23.7 (20.1-27.1) 20.4 (18.9-22.4) 25.0 (20.9-31.6) 25.1 (23.1-28.7)

Data for age and BMI are presented as median (25-75% interquartile range). Abbreviations: BMI, body mass index; IGT, impaired glucose tolerance; NGT, normal 
glucose tolerance; SGLT2i, sodium-glucose cotransporter 2 inhibitor; T2DM, type 2 diabetes mellitus.
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square (RSS) between the actual time course obtained by 
clamp analysis and the model trajectories. RSS in the GI model 
(RSS GI) is given by the following equation:

RSS GI =
nI

nGc + nI

􏽘nGc

i=1

[Gc(ti) − Gcsim(ti)]
2

+
nGc

nGc + nI

􏽘nI

i=1

[I(ti) − Isim(ti)]
2 

RSS in the GIG model (RSS GIG) is given by the following 
equation:

3RSS GIG =
nI + nGg + nCP

nGc + nI + nGg + nCP

􏽘nGc

i=1
[Gc(ti) − Gcsim(ti)]

2

+
nGg + nCP + nGc

nGc + nI + nGg + nCP

􏽘nI

i=1
[I(ti) − Isim(ti)]

2

+
nCP + nGc + nI

nGc + nI + nGg + nCP

􏽘nGg

i=1
[Gg(ti) − Ggsim(ti)]

2

+
nGc + nI + nGg

nGc + nI + nGg + nCP

􏽘nCP

i=1
[CP(ti) − Cpsim(ti)]

2 

where nGc , nI, nGg , and nCP are the total numbers of time 
points for measurement of blood glucose, insulin, glucagon, 
and C-peptide, respectively, in the hyperinsulinemic- 
euglycemic clamp, ti is the time of the ith time point, Gc(t) is 
the time-averaged blood glucose concentration within the 
time range (t − 5) min to t min for each 1-minute interval, 
I(t) is the blood insulin concentration at t min, Gg(t) is the 
blood glucagon concentration at t minutes, and CP(t) is the 
blood C-peptide concentration at t minutes. Gcsim(t), Isim(t), 
Ggsim(t), and Cpsim(t) are simulated blood glucose, insulin, glu
cagon, and C-peptide concentrations. Blood glucose, insulin, 

glucagon, and C-peptide concentrations of each subject were 
normalized by the corresponding maximum values. The num
bers of parents and generations in the meta-evolutionary pro
gramming were 400 and 4000, respectively.

The parameters k8 and ku are the same and are calculated by 
the following equation:

[Urinary Glucose] = ∫120
0 k8GcBVdt 

where BV denotes blood volume, as described in Supplementary 
Text S2 [17].

Statistical Analysis
Reduced models for plasma glucose, as well as serum insulin 
and glucagon concentrations (Supplementary Tables S2 and 
S3 [17]), were evaluated according to the Akaike information 
criterion (AIC) [19]. The sum N of the number of data points 
for each variable measured in the experiment was the same for 
compared models. AIC was therefore calculated as follows:

AIC = Nlog (RSS) + 2K 

where K is the number of estimated parameters of the 
model. The association between indices was evaluated with 
Spearman’s correlation test or standardized major axis regres
sion [20].

Results
Mathematical Model for Plasma Glucose and Serum 
Insulin Concentrations: GI Model
To gain insight into the effect of SGLT2 inhibitors on whole- 
body glucose homeostasis, we performed a hyperinsulinemic- 
euglycemic clamp test and an OGTT in individuals with type 

Table 2. Oral glucose tolerance test and glucose clamp data for study subjects with or without SGLT2i treatment

Parameter With SGLT2i treatment Without SGLT2i treatment

Total NGT IGT T2DM

OGTT-derived parameters
FPG (mmol/L) 6.08 (5.22-7.15) 5.11 (4.61-5.72) 4.77 (4.47-5.08) 5.11 (4.41-5.59) 5.74 (5.13-6.42)
2-h PG (mmol/L) 12.13 (10.10-14.99) 8.77 (6.44-14.15) 6.13 (5.72-6.95) 8.66 (9.10-9.99) 15.01 (11.39-17.51)
F-IRI (pmol/L) 48.5 (31.7-69.5) 41.7 (27.8-63.9) 35.8 (29.0-57.3) 66.7 (45.5-85.4) 41.7 (27.8-62.5)
Insulinogenic index 0.20 (0.11-0.41) 0.39 (0.18-0.74) 0.72 (0.47-1.25) 0.49 (0.33-0.83) 0.16 (0.08-0.28)
Matsuda Index 5.09 (2.95-6.88) 5.54 (3.90-8.20) 6.61 (5.44-8.76) 3.43 (2.40-4.65) 5.19 (3.61-8.83)
UGER (mg kg−1 min−1) 1.38 ± 0.62

Clamp-derived parameters
GIR (mg kg−1 min−1) 4.17 ± 1.56 8.40 ± 2.87 10.37 ± 2.24 7.65 ± 2.69 6.79 ± 2.30
UGER (mg kg−1 min−1) 0.68 ± 0.32
TGUR (mg kg−1 min−1) 3.49 ± 1.55
Plasma glucose at steady state  
(mmol/L)

5.08 (4.72-5.44) 4.72 (4.33-5.22) 4.61 (4.11-4.94) 4.83 (4.25-5.16) 4.47 (4.88-5.37)

Serum insulin at steady state  
(pmol/L)

262.5 (194.8-467.1) 754.9 (636.9-923.7) 680.6 (566.5-779.6) 924.4 (791.7-1135.9) 826.5 (715.3-944.5)

ISI (×104) 3.24 (1.90-4.60) 9.21 (6.05-12.03) 12.8 (10.05-16.10) 6.65 (3.73-10.10) 6.45 (4.49-9.28)

Data are presented as median (25-75% interquartile range) or as mean ± SD. Insulin sensitivity index (ISI) corresponds to 100 × TGUR [mg kg−1 min−1]/(plasma 
glucose level at the end of the clamp [mg/dL]/serum insulin level at the end of the clamp [μU/mL]) in SGLT2i-treated subjects, or to 100 × GIR [mg kg−1 min−1]/ 
(plasma glucose level at the end of the clamp [mg/dL]/serum insulin level at the end of the clamp [μU/mL]) in cases without SGLT2i treatment. 
Abbreviations: 2-h PG, plasma glucose level at 2 hours after glucose ingestion; F-IRI, fasting serum immunoreactive insulin level; FPG, fasting plasma glucose level; GIR, 
glucose infusion rate at steady state; IGT, impaired glucose tolerance; NGT, normal glucose tolerance; OGTT, oral glucose tolerance test; SGLT2i, sodium-glucose 
cotransporter 2 inhibitor; T2DM, type 2 diabetes mellitus; TGUR, tissue glucose uptake rate (GIR minus UGER); UGER, urinary glucose excretion rate.
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2 diabetes who are treated with dapagliflozin. A flow diagram 
for the recruitment of and the baseline characteristics of the 
study subjects as well as the parameters directly obtained dur
ing the 2 tests are shown in Supplementary Fig. S1 [17] and 
Tables 1 and 2, respectively.

We analyzed the time series data of plasma glucose and se
rum insulin levels during the clamp test with a mathematical 
model. We generated the model by adding the flux of glucose 
from blood to urine to a model that we proposed previously 

[15] (Fig. 1A, Supplementary Text S2 [17]). This new model 
was designated the GI model, given that it is based on the 
interaction of these 2 components. We estimated the parame
ters of the GI model for each study participant in order to re
produce the time course of the clamp test. The simulated 
and measured data for one subject are shown in Fig. 1B. To 
confirm that the simulation appropriately reflects the charac
teristics of the study subjects, we evaluated the consistency be
tween the insulin sensitivity index (ISI) calculated from the 

Figure 1. Mathematical model of the feedback loop that links glucose and insulin (GI model). A, Model diagram. The letters in the circles indicate variables 
of the model, the arrows indicate fluxes, and the lines ending in circles or bars indicate activation and inactivation, respectively. ϕ indicates a fixed value. 
The variables Gc and I represent blood glucose and insulin concentrations, respectively, and the variable Y corresponds to the effective glucose 
concentration for induction of variable X, which represents insulin secreted from pancreatic β-cells. Functions f1(t) and f2(t) are described in 
Supplementary Text S2 [17]. B, Time courses of blood glucose and insulin concentrations as well as of glucose and insulin infusion during the 
hyperinsulinemic-euglycemic clamp for study participant #5. Lines indicate the simulation, and black circles indicate the time course data from the 
experiment. Simulated values for each variable were rescaled to absolute concentration and plotted. C, Scatter plot for simulated vs measured insulin 
sensitivity index (ISI). Each point corresponds to the values for a single subject. Measured and simulated ISI values were calculated from the normalized 
time course and plotted. R2 is the coefficient of determination.
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actual measurements and that calculated from the simulation 
data, as described previously [15]. The coefficient of determin
ation (R2) between measured ISI and simulated ISI was 0.68 
(Fig. 1C), suggesting that the model captures the essential 
characteristics of the time series data.

Relation Between Estimated Parameters in the GI 
Model and Blood Glucose Level
We recently proposed a new insulin-related metric designated the 
disposition index/clearance (DI/cle), which is defined as the product 
of insulin sensitivity and insulin secretion divided by the square of 
insulin clearance [16]. The DI/cle can be considered as a metric 
that reflects adjustment of the disposition index (generally repre
sented by the product of insulin sensitivity and insulin secretion) 
for insulin clearance, and it serves as a good indicator of the abil
ity of insulin to regulate blood glucose concentration in individ
uals with various levels of glucose tolerance [16].

The relation between DI/cle and blood glucose level is given 
by the following equation:

PG120 ∼
k4k5

k7
2 = DI/cle 

The indices k4, k5, and k7 correspond to insulin sensitivity, in
sulin secretion, and insulin clearance, respectively, and PG120 
to the plasma glucose level at 120 minutes after initiation of 
the OGTT [16]. The coefficients of k4, k5, and k7 in DI/cle 
were determined in the previous study. Given that our previ
ous cohort was not treated with SGLT2 inhibitors [16], we ex
amined whether this relation also holds in the present cohort 
treated with dapagliflozin.

Given that insulin lowers blood glucose levels, it is 
assumed that a high insulin sensitivity, elevated insulin 
secretion, or diminished insulin clearance will lead to a decrease 
in blood glucose concentration. There would thus be expected to 
be a negative correlation between DI/cle and blood glucose 
levels. As expected, in our previous cohort, DI/cle (k4k5/ k7

2) 

was negatively correlated with PG120 (r = −0.54, 
P = 5.6 × 10−10) (Fig. 2A), supporting the notion that DI/cle rep
resents the ability of insulin to regulate blood glucose concentra
tion [16]. Given that the indices k4, k5, and k7 in the GI 
model correspond to the same insulin-related parameters as in 
our previous model, DI/cle for the present cohort is also 
given as k4k5 /k7

2 in the GI model. In contrast to the previous 
cohort, however, DI/cle in the current cohort was not significantly 
correlated with PG120 (r = −0.13, P = 0.30) (Fig. 2A). 
The slopes of the regression lines for the 2 groups of subjects 
were significantly different (P < 0.01). DI/cle and PG120 also 
showed a significant correlation for the 49 subjects from previ
ous cohort who have type 2 diabetes (r = −0.34, P = 0.016). 
(Fig. 2B). The difference in the slopes of the regression lines 
for the type subjects with type 2 diabetes in the previous and pre
sent cohorts did not achieve statistical significance (P = 0.06). 
These results suggested that DI/cle is not sufficient to explain 
the interindividual variation in blood glucose levels among indi
viduals with type 2 diabetes who are treated with an SGLT2 
inhibitor.

Production Index/Clearance Is Positively Correlated 
With Blood Glucose Level Under SGLT2 Inhibitor 
Treatment
Given that DI/cle did not adequately capture individual gly
cemic variation in subjects treated with an SGLT2 inhibitor, 
we next examined the contribution of glucagon to glycemic 
regulation in the present cohort. The serum concentration of 
glucagon during the OGTT was not significantly correlated 
with glycemia (Supplementary Fig. S2 [17]), consistent with 
a previous finding that blood glucagon level is independent 
of the increased EGP in subjects treated with SGLT2 inhibi
tors [11]. We therefore attempted to mathematically evaluate 
the overall effect of glucagon. By analogy with DI/cle, we hy
pothesized that the overall effect of glucagon is increased as 
glucagon sensitivity and the ratio of glucagon secretion to glu
cagon clearance are increased (Supplementary Text S3 [17]). 

Figure 2. Relation between DI/cle and blood glucose concentration. A, Scatter plot and fitted linear regression lines for log k4k5/k2
7 and log PG120. Each 

point corresponds to the values for a single subject. Blue squares and magenta circles indicate subjects not treated or treated with a sodium-glucose 
cotransporter 2 inhibitor (SGLT2i), respectively. Blue dotted and magenta solid lines indicate the corresponding linear regression lines. B, Scatter plot and 
fitted linear regression lines for log k4k5/k2

7 and log PG120. Blue squares indicate subjects with type 2 diabetes who are not treated with an SGLT2i, and 
magenta circles are as in (A). r is Spearman’s correlation coefficient, and the P values are for testing the hypothesis of no correlation. The indices k4, k5, 
and k7 correspond to insulin sensitivity, insulin secretion, and insulin clearance, respectively. PG120 is plasma glucose concentration at 120 minutes 
during the oral glucose tolerance test.
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We termed the product of these 2 parameters the production 
index/clearance (PI/cle):

PI/cle = GgsenGgsec/cle 

where Ggsen and Ggsec/cle indicate glucagon sensitivity and the 
ratio of glucagon secretion to glucagon clearance, respectively. 
The product of Ggsen and Ggsec/cle was calculated mathematic
ally by the following equation (Supplementary Text S3 [17]):

GgsenGgsec/cle =
Gg0G0fg

GssIss
(1) 

where Gg0, G0, Gss, Iss, and fg indicate blood glucagon level in 
the fasting state, blood glucose levels in the fasting state and at 
the steady state during insulin administration, blood insulin level 
at the steady state during insulin administration, and infused glu
cose at the steady state during the hyperinsulinemic-euglycemic 
clamp, respectively.

PI/cle calculated with Eq (1) was significantly correlated with 
PG120 in the cohort of the present study (r = 0.40, 
P = 0.00072) (Fig. 3A), suggesting that the effect of glucagon 
likely explains at least in part the interindividual variation in 
glycemia under SGLT2 inhibitor treatment. The numerator 
of Ggsen includes blood glucose level in the fasting state (G0) 
(Supplementary Text S3 [17]). However, Ggsec/cle, which 
does not contain a glycemia-related index in its numerator, 
was also significantly correlated with PG120 (r = 0.26, 
P = 0.034) (Fig. 3B). These results suggested that the correl
ation between GgsenGgsec/cle and PG120 was not simply attrib
utable to the fact that GgsenGgsec/cle contains a glycemia-related 
index in its numerator.

Mathematical Model for Blood Glucose, Insulin, and 
Glucagon Concentrations (GIG Model) Also Shows a 
Positive Association Between PI/cle and Blood 
Glucose Level
Given that PI/cle estimated from fasting and steady-state pa
rameters in Eq (1) was correlated with PG120 in the present 

cohort, we further analyzed the contribution of glucagon 
to glycemic regulation by mathematical model analysis. We 
developed a mathematical model of the feedback loop that 
links glucose, insulin, and glucagon with the use of time ser
ies data obtained from the study participants during the 
hyperinsulinemic-euglycemic clamp (Supplementary Text 
S4, Supplementary Figs. S3 and S4, Supplementary Tables 
S2 and S3 [17]). We designated this model the GIG model.

In this model, the parameters kGN, kGgS, and kGgC conceptu
ally correspond to glucagon sensitivity, glucagon secretion, 
and glucagon clearance, respectively (Supplementary Fig. S3 
[17]). By analogy to DI/cle ([insulin sensitivity × insulin secre
tion]/[insulin clearance]2), kGNkGgS/k2

GgC is considered as the 
numerically estimated PI/cle. We calculated these parameters 
from the model estimated to be optimal for the greatest num
ber of subjects out of 54 types of mathematical model based 
on AIC (Supplementary Text S5, Supplementary Tables S2 
and S3 [17]).

Given that glucagon increases blood glucose concentration, 
a high glucagon sensitivity, enhanced glucagon secretion, and 
diminished glucagon clearance would be expected to result in 
an increase in blood glucose level, and kGNkGgS/k2

GgC would 
therefore be expected to be positively correlated with the 
blood glucose concentration. Analytically defined PI/cle calcu
lated with Eq (1) as GgsenGgsec/cle and numerically defined PI/cle 

determined by the mathematical model as kGNkGgS/k2
GgC were 

significantly correlated (Supplementary Fig. S5A [17]). 
Furthermore, kGNkGgS/k2

GgC was significantly correlated 
with PG120 (Supplementary Fig. S5B [17]). These results col
lectively suggested that the effect of glucagon contributes to 
interindividual variation in blood glucose levels among indi
viduals with type 2 diabetes who are treated with an SGLT2 
inhibitor. Similar correlations between numerically defined 
PI/cle by the mathematical model and GgsenGgsec/cle or PG120 
were apparent when the coefficient of kGgC was set at 1 or 3 
(kGNkGgS/kGgC or kGNkGgS/k3

GgC) (Supplementary Fig. S5C– 
S5F [17]). Of note, the half-life of insulin calculated using 
GI model and that calculated using GIG model showed 

Figure 3. Relation between the estimated glucagon-related parameter PI/cle and blood glucose concentration. Scatter plots for log GgsenGgsec/cle vs 
log PG120 (A) and for log Ggsec/cle vs log PG120 (B) are shown. Ggsen and Ggsec/cle correspond to glucagon sensitivity and the ratio of glucagon secretion to 
glucagon clearance, respectively. Each point corresponds to the values for a single subject of the present cohort. r is Spearman’s correlation coefficient, 
and the P values are for testing the hypothesis of no correlation. PG120 represents plasma glucose concentration at 120 minutes during the oral glucose 
tolerance test.
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significant correlation (Supplementary Fig. S6 [17], suggesting 
the validity of these models.

Discussion
Given that SGLT2 inhibitors promote urinary glucose excre
tion independently of insulin action, these drugs likely affect 
the relation between insulin effect and blood glucose concen
tration. We recently showed that DI/cle, a metric derived from 
insulin sensitivity, secretion, and clearance, represents the 
ability of insulin to regulate glycemia in individuals not taking 
an SGLT2 inhibitor. We have now shown that the relation be
tween DI/cle and glycemia does not hold for individuals treated 
with an SGLT2 inhibitor, underscoring the influence of such 
drugs on the relation between insulin effect and blood glucose 
level. We further showed that, among individuals with a rela
tively high DI/cle, the corresponding PG120 value was greater 
for those not taking than for those taking an SGLT2 inhibitor. 
Conversely, when DI/cle was relatively low, the opposite phe
nomenon was observed. DI/cle might therefore serve as a pre
dictive factor for the effect of SGLT2 inhibitors on blood 
glucose level. Given that the glucose-lowering effect of 
SGLT2 inhibitors varies among individuals [21-23] and that 
the reason for this variation is not fully understood, it will 
be of interest to investigate whether DI/cle indeed proves in
formative for prediction of the clinical effect of SGLT2 
inhibitors.

By analogy to DI/cle, we have now developed a glucagon- 
related metric, PI/cle, derived from glucagon sensitivity, secre
tion, and clearance, and validated its effect in 2 different mod
els. PI/cle estimated by 2 different methods (GgsenGgsec/cle and 
kGNkGgS/k2

GgC) correlated with blood glucose concentration 
in individuals treated with dapagliflozin. These results, to
gether with the insufficiency of DI/cle to capture blood glucose 
levels in such individuals, suggest that glucagon action plays 
an important role in determining blood glucose concentration 
in patients treated with SGLT2 inhibitors. Evidence suggests 
that SGLT2 inhibitor treatment is associated with enhance
ment of EGP [9, 11] and that blood levels of glucagon, which 
increases EGP physiologically, do not explain this phenom
enon [11]. We showed that PI/cle, but not blood glucagon con
centration, correlates with blood glucose level, suggesting that 
blood glucagon concentration may not adequately represent 
the effect of the hormone in the body, and that PI/cle might 
serve as a metric for evaluation of the overall effect of 
glucagon.

The present study has several limitations. First, we investi
gated subjects within 1 week of initiation of SGLT2 inhibitor 
administration. Our results might therefore differ from those 
obtained after long-term drug administration, as suggested 
by a previous study [24]. Future studies need to include a 
broader population, including individuals who have been ad
ministered SGLT2 inhibitor treatment for varying lengths 
of time and those who have not been administered SGLT2 
inhibitors. Second, the study subjects were Japanese individu
als with a relatively low body weight. It remains unclear 
whether our findings can be generalized to individuals of dif
ferent ethnicities and body compositions. Third, given that 
we used blood parameters obtained during an OGTT and 
hyperinsulinemic-euglycemic clamp, it is unclear to what ex
tent PI/cle examined in the present study reflects the dynamics 
of glucagon in the body. Although this study only investigated 
the correlation between the overall effect of glucagon on 

glucose (PI/cle) and PG120 under SGLT2 inhibitor administra
tion, it may not be possible to separately identify glucagon se
cretion and clearance in our model. Since the equations in this 
study are relatively simple and approximate only for a relative
ly narrow range of plasma molecular concentrations, more de
tailed and accurate equations for various concentration ranges 
need to be studied in the future. Assessment of glucagon sensi
tivity, secretion, and clearance with more accuracy and param
eter identifiability will require studies that examine the effects 
of exogenous glucagon administration, ideally with a clamp 
test involving continuous glucagon infusion. Moreover, gluca
gon clearance has been postulated to contribute to the uncer
tain relation between glucagon concentration and glucagon 
secretion [12, 13, 25], likely because both blood glucose and 
glucagon concentrations are expected to rise when glucagon 
clearance is reduced. Further studies are therefore required to 
understand the relation between glucagon sensitivity, glucagon 
secretion, and glucagon clearance.

In conclusion, with the use of mathematical model analyses, 
we have shown that DI/cle cannot fully account for interindi
vidual variation in blood glucose levels among individuals 
with type 2 diabetes who are treated with an SGLT2 inhibitor, 
whereas PI/cle is able to do so, at least in part. Further studies 
are required to provide a better understanding of the relative 
roles of insulin and glucagon in the regulation of blood glu
cose concentration.
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