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Aims. The present study is aimed at exploring the effects of sodium-glucose cotransporter-2 (SGLT-2) inhibitors on weight in type
2 diabetes mellitus (T2DM) and therapeutic regimen recommendations. Methods. 20,019 patients with T2DM were enrolled. The
maximal effect (Emax) models, whose evaluation index was change rate of body weight from baseline value, were used to analyze
data using nonlinear mixed effect modeling (NONMEM). Results. For SGLT-2 inhibitors, canagliflozin, empagliflozin,
ertugliflozin, ipragliflozin, luseogliflozin and tofogliflozin, the Emax, and treatment duration to reach half of the maximal effects
(ET50) were -3.72% and 3.35 weeks, -5.59% and 16.8 weeks, -2.84% and 3.42 weeks, -3.43% and 3.09 weeks, -3.04% and 4.38
weeks, and -2.45% and 3.16 weeks, respectively. In addition, for T2DM patients, 100mg/day canagliflozin needs to be taken
13.4 weeks for the plateau of effect on weight; 10mg/day empagliflozin needs to be taken 67.2 weeks for the plateau of effect
on weight; 5mg/day ertugliflozin needs to be taken 13.68 weeks for the plateau of effect on weight; 50mg/day ipragliflozin
needs to be taken 12.36 weeks for the plateau of effect on weight; 2.5mg/day luseogliflozin needs to be taken 17.52 weeks for
the plateau of effect on weight; 20mg/day tofogliflozin needs to be taken 12.64 weeks for the plateau of effect on weight.
Conclusions. This was the first study to explore effects of SGLT-2 inhibitors on weight in T2DM; meanwhile, the optimum
dosages and treatment durations on weight from canagliflozin, empagliflozin, ertugliflozin, ipragliflozin, luseogliflozin, and
tofogliflozin were recommended, respectively.

1. Introduction

The global epidemic trend of type 2 diabetes mellitus
(T2DM) is becoming more and more serious, whose epide-
miological data indicating that T2DM approximately

impacts 1 in 11 adults [1]. Diabetes and its complications,
such as diabetic angiocardiopathy, diabetic nephropathy,
diabetic retinopathy, diabetic neuropathy, and diabetic
hepatopathy, have serious impact on human health. Addi-
tional, T2DM patients are accompanied by dyslipidemia,
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atherosclerotic disease, hypertension, and obesity [2, 3], and
what is serious is that more than 50% of T2DM patients
have been reported with obesity [3, 4]. All we all know,
T2DM patients with overweight or obesity are more likely
to increase the risk of cardiovascular disease and lead to fur-
ther risk increase of death, which are the important determi-
nant of the prognosis of T2DM patients [4, 5]. Thus, it is
vital to strengthen management of overweight or obesity in
T2DM patients [6].

Sodium-glucose cotransporter-2 (SGLT-2) inhibitors,
inhibiting SGLT-2 which is located in the S1 segment of
renal proximal tubule and accounts for absorption of nearly
90% of glucose by kidney [7, 8], are a group of antidiabetic
drugs. These drugs achieve their potential hypoglycemic
activity by virtue of blocking the coupled reuptake of sodium
and glucose in proximal tubule and promoting glycosuria
[9]. In addition, apart from reducing blood glucose concen-
tration, SGLT-2 inhibitors also have been demonstrated to
have nonglycemic pleotropic effects, such as reducing risk
of cardiovascular outcomes and mortality [10], attenuating
hyperglycemia-induced vascular dysfunction [11], and
inducting of weight loss, among which induction of weight
loss is one of the important functions, whose mechanisms
are due to osmotic diuresis and associated calorie losses [9,
12, 13]. However, the effects of SGLT-2 inhibitors on weight
in T2DM are unclear; particularly, the dosages and treat-
ment durations of SGLT-2 inhibitors lack clinical guidance.
Therefore, the present study is aimed at exploring the effects
of SGLT-2 inhibitors on weight in T2DM and therapeutic
regimen recommendations.

2. Methods

2.1. Included Patients. T2DM patients treated with SGLT-2
inhibitors, including canagliflozin, empagliflozin, ertugliflo-
zin, ipragliflozin, luseogliflozin, and tofogliflozin, were
enrolled from published literatures, and the researches were
approved by the ethics committee of each participating cen-
ter [12, 14–69]. Search strategy was shown in Supplemen-
tary. The inclusion criteria were shown as follows: (a)
T2DM patients; (b) with canagliflozin, empagliflozin, ertu-
gliflozin, ipragliflozin, luseogliflozin, and tofogliflozin treat-
ments; (c) randomized controlled trial (RCT); (d) with
body weight information; and (e) exact doses and durations
of canagliflozin, empagliflozin, ertugliflozin, ipragliflozin,
luseogliflozin, and tofogliflozin. Source, grouping, common
clinical dosages, duration of treatments, sample size, age,
etc. were extracted from the above included studies. Studies
identified for analysis were shown in Supplementary
Table S1–S6, risk of bias was shown in Supplementary
Figure S1–S6, and there was no obvious bias.

The change rates of body weight from baseline values
were used as evaluation indices in order to eliminate the
potential baseline effect, in which the formula (1) was as fol-
lows:

EFF% = EFFtime − EFFbase
EFFbase

× 100%: ð1Þ

EFFtime is the value of weight at time, and EFFbase is the
value of weight at baseline.

2.2. Model Establishment. The effects of canagliflozin, empa-
gliflozin, ertugliflozin, ipragliflozin, luseogliflozin, and tofo-
gliflozin on weight loss in T2DM patients were evaluated
using the Emax models, respectively. Furthermore, the con-
trol effects should be subtracted from the sum effects for
acquiring the actual effects on weight loss in T2DM from
canagliflozin, empagliflozin, ertugliflozin, ipragliflozin,
luseogliflozin, and tofogliflozin. The formulas (2) and (3)
were as follows:

Ec,k,i,j = Ea,k,i,j – Eb,k,i,j, ð2Þ

Ec,k,i,j =
Emax,k,i,j × Time
ET50,k,i,j + Time

+
Ɛk,i,j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Nk,i,j/100
p

: ð3Þ

Ea,k,i,j was the sum effects on weight loss in T2DM
patients; Eb,k,i,j was the control group effects on weight loss
in T2DM patients; Ec,k,i,j was the actual effects on weight loss
in T2DM patients; k represented SGLT-2 inhibitors, includ-
ing canagliflozin, empagliflozin, ertugliflozin, ipragliflozin,
luseogliflozin, and tofogliflozin; i was different studies; and
j was time point of every study. Emax,k was the maximal
effects on weight, ET50,k was the treatment durations to
reach half of the maximal effects on weight, Ɛk, i, j was the
residual error of study i with j time under different SGLT-
2 inhibitors, Nk,i,j was the sample size in study i with time
point j under different SGLT-2 inhibitors, and Ɛk, i, j was
weighted by sample size, assumed to be normally distrib-
uted, with a mean of 0 and variance of σ2/ðNk,i,j/100Þ.

The exponential error or additive error models were
used to describe the variabilities of interstudies, in which
the formulas (4)-(7) were as follows:

Emax,k,i,j = Emax,k × exp ηk,1,i
� �

, ð4Þ

ET50,k,i,j = ET50,k × exp ηk,2,i
� �

, ð5Þ

Emax,k,i,j = Emax,k + ηk,1,i, ð6Þ

ET50,k,i,j = ET50,k + ηk,2,i: ð7Þ
ηk,1,i and ηk,2,i were the interstudy variabilities, and when

available, they would be added into Emax,k or ET50, k, respec-
tively. k represented SGLT-2 inhibitors, including canagliflo-
zin, empagliflozin, ertugliflozin, ipragliflozin, luseogliflozin,
and tofogliflozin. ηk,1,i and ηk,2,i were assumed to normally
distributed, with a mean of 0 and variance of ωk,1,i

2 and
ωk,2,i

2, respectively.
In addition, continuous covariates and categorical covar-

iates were evaluated by formulas (8)–(10):

Pi = PT + COV − COVmð Þθc, ð8Þ

Pi = PT × COV/COVmð Þθc , ð9Þ
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Pi = PT + COV × θc: ð10Þ
Pi was the parameter for a patient with a covariate value

of COV, PT was the typical value of the parameter, COV was
covariate, and COVm was the median value of covariable in
the population. θc was a correction coefficient of the covari-
ate to the model parameter.

The models were established using nonlinear mixed effect
modeling (NONMEM, edition 7, ICON Development Solu-
tions, Ellicott City, MD, USA) software.When the basic model
was built up, potential covariates were considered for adding
into Emax,k or ET50, k. The covariate inclusion criteria were
change of objective function value (OFV), where the decrease
of OFV was greater than 3.84 (χ2, α = 0:05, d:f : = 1), it was
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Figure 1: Visual inspection of routine diagnostic plots: (a) canagliflozin, (b) empagliflozin, (c) ertugliflozin, (d) ipragliflozin, (e)
luseogliflozin, and (f) tofogliflozin.
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Figure 2: Continued.
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considered sufficient for inclusion. When the increase of OFV
was greater than 6.63 (χ2, α = 0:01, d:f : = 1), it was considered
sufficient for significance in the final model [70].

2.3. Model Validation. The individual predictions vs. obser-
vations and individual plots from SGLT-2 inhibitors, includ-
ing canagliflozin, empagliflozin, ertugliflozin, ipragliflozin,
luseogliflozin, and tofogliflozin, were used to estimate the
final models, respectively. Prediction-corrected visual pre-
dictive check (VPC) plots were used to assess the predictive
performance of final models.

2.4. Prediction. The curves of the final models from SGLT-2
inhibitors, including canagliflozin, empagliflozin, ertugliflo-
zin, ipragliflozin, luseogliflozin, and tofogliflozin, were simu-
lated using the Monte Carlo method, in addition,
recommending the optimum dosages and treatment dura-
tions on weight in T2DM patients from canagliflozin, empa-
gliflozin, ertugliflozin, ipragliflozin, luseogliflozin and
tofogliflozin, respectively.

3. Results

3.1. Included Patients. A total of 20,019 patients with T2DM
were enrolled in the present study, who were treated with
SGLT-2 inhibitors, including canagliflozin, empagliflozin,
ertugliflozin, ipragliflozin, luseogliflozin, and tofogliflozin,
among which the dosages of canagliflozin, empagliflozin,
ertugliflozin, ipragliflozin, luseogliflozin, and tofogliflozin
were 100-300mg/day, 10-25mg/day, 5-15mg/day, 50-
100mg/day, 2.5-5mg/day, and 20-40mg/day, respectively
[12, 14–69].

3.2. Modeling. For canagliflozin, empagliflozin, ertugliflozin,
ipragliflozin, luseogliflozin, and tofogliflozin, the Emax and
ET50 were -3.72% and 3.35 weeks, -5.59% and 16.8 weeks,
-2.84% and 3.42 weeks, -3.43% and 3.09 weeks, -3.04% and
4.38 weeks, and -2.45% and 3.16 weeks, respectively. The
boostrap method results were shown in Supplementary
Table S7, and estimate values were within the limits of
95% boostrap confidence interval. In these T2DM patients,
no covariate (in particular dosage) was incorporated into
models, showing no significant dosage response
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Figure 2: Individual plots: (a) canagliflozin, (b) empagliflozin, (c) ertugliflozin, (d) ipragliflozin, (e) luseogliflozin, and (f) tofogliflozin.
Different IDs come from different groups of RCTs [12, 14–69].
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Figure 3: Continued.
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relationship within the current dose ranges. In other words,
it was eligible to choose the lower dose of the dosage ranges,
and for canagliflozin, empagliflozin, ertugliflozin,
ipragliflozin, luseogliflozin, and tofogliflozin, the
recommended dosages were 100mg/day, 10mg/day, 5mg/
day, 50mg/day, 2.5mg/day, and 20mg/day, respectively.

In addition, the relationships between SGLT-2 inhibitors,
including canagliflozin, empagliflozin, ertugliflozin, ipragliflo-
zin, luseogliflozin and tofogliflozin, and loss of weight in
T2DM patients, were shown in formulas (11)–(16), respec-
tively:

EFF =
−3:72% × Time
3:35 + Time

, ð11Þ

EFF =
−5:59% × Time
16:8 + Time

, ð12Þ

EFF =
−2:84% × Time
3:42 + Time

, ð13Þ

EFF =
−3:43% × Time
3:09 + Time

, ð14Þ

EFF = −3:04% × Time
4:38 + Time

, ð15Þ

EFF =
−2:45% × Time
3:16 + Time

: ð16Þ

EFF was canagliflozin, empagliflozin, ertugliflozin, ipragli-
flozin, luseogliflozin, and tofogliflozin on the effects of weight
loss in T2DM patients. Time was canagliflozin, empagliflozin,
ertugliflozin, ipragliflozin, luseogliflozin, and tofogliflozin treat-
ment durations in T2DM patients.

3.3. Evaluation. The individual predictions vs. observations
from canagliflozin, empagliflozin, ertugliflozin, ipragliflozin,
luseogliflozin, and tofogliflozin models were shown in
Figure 1, and Figures 1(a)–1(f) were from canagliflozin, empa-
gliflozin, ertugliflozin, ipragliflozin, luseogliflozin, and tofogli-
flozin, respectively, showing good linear relationships between
individual predictions and observations and indicating the
better fitting of the final models. Individual plots were shown
in Figure 2, and Figures 2(a)–2(f) were from canagliflozin,
empagliflozin, ertugliflozin, ipragliflozin, luseogliflozin, and
tofogliflozin, respectively, demonstrating acceptable predict-
ability from the perspective of clinical sparse data. The
prediction-corrected VPC plots were shown in Figure 3, and
Figures 3(a)–3(f) were from canagliflozin, empagliflozin, ertu-
gliflozin, ipragliflozin, luseogliflozin, and tofogliflozin, respec-
tively, indicating that most observed data were included in the
95% prediction intervals produced with simulation data and
meaning the predictive power of the final models.

3.4. Prediction. The trends of efficacy of canagliflozin, empa-
gliflozin, ertugliflozin, ipragliflozin, luseogliflozin, and tofo-
gliflozin on the effects of weight loss in T2DM patients
were shown in Figure 4. For canagliflozin, as shown in
Figure 4(a), the duration to achieve 25%, 50%, 75%, and
80% of Emax was 1.12, 3.35, 10.05, and 13.4 weeks. For empa-
gliflozin, as shown in Figure 4(b), the duration to achieve
25%, 50%, 75%, and 80% of Emax was 5.6, 16.8, 50.4, and
67.2 weeks. For ertugliflozin, as shown in Figure 4(c), the
duration to achieve 25%, 50%, 75%, and 80% of Emax was
1.14, 3.42, 10.26, and 13.68 weeks. For ipragliflozin, as
shown in Figure 4(d), the duration to achieve 25%, 50%,
75%, and 80% of Emax was 1.03, 3.09, 9.27, and 12.36 weeks.
For luseogliflozin, as shown in Figure 4(e), the duration to
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Figure 3: Prediction-corrected visual predictive check plots. (a) canagliflozin, (b) empagliflozin, (c) ertugliflozin, (d) ipragliflozin, (e)
luseogliflozin, and (f) tofogliflozin. Median, 2.5% CI, and 97.5% CI were simulated by Monte Carlo (n = 1000); CI: confidence interval.
Different color solid lines come from different groups of RCTs [12, 14–69].
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achieve 25%, 50%, 75%, and 80% of Emax was 1.46, 4.38,
13.14, and 17.52 weeks. For tofogliflozin, as shown in
Figure 4(f), the duration to achieve 25%, 50%, 75%, and
80% of Emax was 1.05, 3.16, 9.48, and 12.64 weeks.

In addition, as the study had found in the front section
that the recommended dosages of canagliflozin, empagliflo-
zin, ertugliflozin, ipragliflozin, luseogliflozin, and tofogliflo-
zin were 100mg/day, 10mg/day, 5mg/day, 50mg/day,
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Figure 4: Model prediction: (a) canagliflozin, (b) empagliflozin, (c) ertugliflozin, (d) ipragliflozin, (e) luseogliflozin, and (f) tofogliflozin. wk: weeks.
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2.5mg/day, and 20mg/day, respectively. Therefore, to
achieve the plateau period (80% of Emax) in loss of weight
in T2DM patients, 100mg/day canagliflozin needs to be
taken 13.4 weeks for the plateau of effect on weight; 10mg/
day empagliflozin needs to be taken 67.2 weeks for the pla-
teau of effect on weight; 5mg/day ertugliflozin needs to be
taken 13.68 weeks for the plateau of effect on weight;
50mg/day ipragliflozin needs to be taken 12.36 weeks for
the plateau of effect on weight; 2.5mg/day luseogliflozin
needs to be taken 17.52 weeks for the plateau of effect on
weight; 20mg/day tofogliflozin needs to be taken 12.64
weeks for the plateau of effect on weight.

4. Discussion

At present, many studies have found that SGLT-2 inhibitors,
including canagliflozin, empagliflozin, ertugliflozin, ipragli-
flozin, luseogliflozin, and tofogliflozin, can reduce weight
in T2DM patients, playing an important role in the treat-
ment of T2DM [12, 14–69]. However, the effects of dosages
and treatment durations of SGLT-2 inhibitors on weight in
T2DM lack clinical guidance. Therefore, the present study
is aimed at exploring the effects of SGLT-2 inhibitors on
weight in T2DM and therapeutic regimen
recommendations.

The present study adopts Emax models, the practical
quantitative pharmacology tool, which can be used to
explore the recommendation of drug dose and course of
treatment in the course of disease treatment, and lay the
foundation for the formulation of drug treatment plan. So
far, many related studies have been reported. For example,
Farhan et al. reported development and verification of a
body weight-directed disease trial model for glucose homeo-
stasis [71]. Chen et al. reported time course and dose effect
of metformin on weight in patients with different disease
states [72]. Li et al. reported comparative efficacy of nonhor-
monal drugs on menopausal hot flashes [73]. Wang et al.
reported quantitative efficacy of L-carnitine supplementa-
tion on glycemic control in type 2 diabetes mellitus patients
[74]. Chen et al. reported analysis of time course and dose
effect of tacrolimus on proteinuria in lupus nephritis
patients [75]. Li et al. reported quantitative efficacy of soy
isoflavones on menopausal hot flashes [76]. Thus, we used
this utility tool to explore the optimum dosages and treat-
ment durations on weight from canagliflozin, empagliflozin,
ertugliflozin, ipragliflozin, luseogliflozin, and tofogliflozin,
respectively.

The nonlinear mixed effect modeling (NONMEM) was
used to analyze. In the process of our research, the evalua-
tion index was change rate of body weight from baseline
value in order to eliminate the potential baseline effect. In
addition, the control effects were subtracted from the sum
effects for acquiring the actual effects on weight loss in
T2DM from canagliflozin, empagliflozin, ertugliflozin, ipra-
gliflozin, luseogliflozin, and tofogliflozin. Finally, for canagli-
flozin, empagliflozin, ertugliflozin, ipragliflozin,
luseogliflozin, and tofogliflozin, the Emax and ET50 were
-3.72% and 3.35 weeks, -5.59% and 16.8 weeks, -2.84% and
3.42 weeks, -3.43% and 3.09 weeks, -3.04% and 4.38 weeks,

and -2.45% and 3.16 weeks, respectively. The order of effi-
cacy of canagliflozin, empagliflozin, ertugliflozin, ipragliflo-
zin, luseogliflozin, and tofogliflozin on the effects of weight
loss in T2DM patients from large to small was 10mg/day
empagliflozin, 100mg/day canagliflozin, 50mg/day ipragli-
flozin, 2.5mg/day luseogliflozin, 5mg/day ertugliflozin, and
20mg/day tofogliflozin. The onset time of weight loss from
fast to slow was 50mg/day ipragliflozin, 20mg/day tofogli-
flozin, 100mg/day canagliflozin, 5mg/day ertugliflozin,
2.5mg/day luseogliflozin, and 10mg/day empagliflozin.

Besides, the optimum dosages and treatment durations
on weight from canagliflozin, empagliflozin, ertugliflozin,
ipragliflozin, luseogliflozin, and tofogliflozin were recom-
mended in T2DM patients, respectively. 100mg/day canagli-
flozin needs to be taken 13.4 weeks for the plateau of effect
on weight; 10mg/day empagliflozin needs to be taken 67.2
weeks for the plateau of effect on weight; 5mg/day ertugliflo-
zin needs to be taken 13.68 weeks for the plateau of effect on
weight; 50mg/day ipragliflozin needs to be taken 12.36
weeks for the plateau of effect on weight; 2.5mg/day luseo-
gliflozin needs to be taken 17.52 weeks for the plateau of
effect on weight; 20mg/day tofogliflozin needs to be taken
12.64 weeks for the plateau of effect on weight.

The present study firstly explored the effects of canagli-
flozin, empagliflozin, ertugliflozin, ipragliflozin, luseogliflo-
zin, and tofogliflozin on weight in T2DM and
recommended therapeutic regimen. However, this study also
had some limitations. For example, the studies of luseogliflo-
zin and tofogliflozin were all from Japan and lack of data on
other countries’ populations. This required further popula-
tion expansion and inclusion of populations from more
countries in future studies.

5. Conclusion

This was the first comprehensive study to explore effects of
SGLT-2 inhibitors on weight in T2DM; meanwhile, the opti-
mum dosages and treatment durations on weight from cana-
gliflozin, empagliflozin, ertugliflozin, ipragliflozin,
luseogliflozin, and tofogliflozin were recommended,
respectively.
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