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Purpose: Oral agents are needed that improve glycemic control without increasing 

hypoglycemic events in patients with type 1 diabetes (T1D). Sotagliflozin may meet this need, 

because this compound lowers blood glucose through the insulin-independent mechanisms of 

inhibiting kidney SGLT2 and intestinal SGLT1. We examined the effect of sotagliflozin on 

glycemic control and rate of hypoglycemia measurements in T1D mice maintained on a low 

daily insulin dose, and compared these results to those from mice maintained in better glycemic 

control with a higher daily insulin dose alone.

Materials and methods: Nonobese diabetes-prone mice with cyclophosphamide-induced T1D 

were randomized to receive one of four daily treatments: 0.2 U insulin/vehicle, 0.05 U insulin/

vehicle, 0.05 U insulin/2 mg/kg sotagliflozin or 0.05 U insulin/30 mg/kg sotagliflozin. Insulin 

was delivered subcutaneously by micro-osmotic pump; the day after pump implantation, mice 

received their first of 22 once-daily oral doses of sotagliflozin or vehicle. Glycemic control was 

monitored by measuring fed blood glucose and hemoglobin A
1c

 levels.

Results: Blood glucose levels decreased rapidly and comparably in the 0.05 U insulin/

sotagliflozin-treated groups and the 0.2 U insulin/vehicle group compared to the 0.05 U insulin/

vehicle group, which had significantly higher levels than the other three groups from day 2 

through day 23. A
1c

 levels were also significantly higher in the 0.05 U insulin/vehicle group 

compared to the other three groups on day 23. Importantly, the 0.2 U insulin/vehicle group had, 

out of 100 blood glucose measurements, 13 that were <70 mg/dL compared to one of 290 for 

the other three groups combined.

Conclusion: Sotagliflozin significantly improved glycemic control, without increasing the 

rate of hypoglycemia measurements, in diabetic mice maintained on a low insulin dose. This 

sotagliflozin-mediated improvement in glycemic control was comparable to that achieved by 

raising the insulin dose alone, but was not accompanied by the increased rate of hypoglycemia 

measurements observed with the higher insulin dose.

Keywords: insulin, glucose, hypoglycemia, hemoglobin A
1c

Introduction
In the US, 30,000 people are diagnosed with type 1 diabetes (T1D) each year, and 

the incidence in children is steadily increasing.1,2 T1D results from profound insulin 

deficiency secondary to autoimmune destruction of insulin-producing pancreatic 

β-cells and insulin replacement can return these patients to a euglycemic state.2 

However, the majority of T1D patients are not achieving blood hemoglobin A
1c

 (A
1c

) 

targets chosen to minimize diabetic complications, thus risking the microvascular and 

macrovascular side effects that accompany chronic hyperglycemia.2,3 The main reason 

for this failure to optimize glycemic control is the lack of simple regimens that allow 
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Table 1 Study design

Study group Mouse  
number

Blood samples obtained

Insulin 
(U/day)

Sotagliflozin 
(mg/kg)

Glucose  
(day)a

A1c  
(day)

0.05 0 10 -1, 2, 5, 7, 9, 12,  
14, 16, 19, 21, 23

Baselineb,  
23

0.05 2 10 -1, 2, 5, 7, 9, 12,  
14, 16, 19, 21, 23

Baseline,  
23

0.05 30 9 -1, 2, 5, 7, 9, 12,  
14, 16, 19, 21, 23

Baseline,  
23

0.2 0 10 -1, 2, 5, 7, 9, 12,  
14, 16, 19, 21, 23

Baseline,  
23

Notes: aDay 1 was the first day of insulin and sotagliflozin treatment; ball baseline 
samples for mice from all groups were collected immediately prior to the first dose 
of cyclophosphamide.
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delivery of sufficient insulin to maintain euglycemia without 

significantly increasing the risk of severe hypoglycemic 

events; such events increase with age and duration of dia-

betes, and are responsible not only for significant morbidity 

but also for the death of between 4% and 10% of individuals 

with T1D,2–9 observations that underscore the need to develop 

these new regimens.

Sotagliflozin, also known as LX4211, is an orally 

available small molecule that has consistently improved 

glycemic control in patients with T2D in previous clini-

cal studies.10–12 Sotagliflozin lowers blood glucose by 

inhibiting both SGLT1 to delay glucose absorption by the 

intestine, and SGLT2 to decrease glucose reabsorption by 

the kidney.10,11,13,14 By working through these two insulin-

independent pathways, sotagliflozin may have the ability 

to improve glycemic control and decrease the frequency 

of extreme blood glucose excursions in patients with T1D, 

and potentially achieve these effects with a lower but still 

metabolically adequate daily dose of bolus insulin. This 

study was designed to test whether LX4211 could improve 

glycemic control in nonobese diabetes-prone (NOD) mice 

with poorly controlled T1D on a low daily dose of insulin, 

and how the improved glycemic control and frequency of 

hypoglycemic measurements compared to that observed 

in NOD mice with better-controlled T1D on a higher daily 

insulin dose.

Materials and methods
Mouse care and study
All mouse studies were performed at Lexicon Pharmaceuticals, 

and were approved by the Lexicon Institutional Animal 

Care and Use Committee. All institutional and national 

guidelines for the care and use of laboratory animals were 

followed. Female NOD/ShiLtJ mice (001976; The Jackson 

Laboratory, Bar Harbor, ME, USA), obtained at 5 weeks of 

age, were housed four per cage at 24°C on a fixed 12-hour 

light/12-hour dark cycle, and had ad libitum access to water 

and rodent chow (5001; Purina, St Louis, MO, USA). Body 

weight was measured on day –1 (the day before the first 

sotagliflozin dose), and then daily throughout the study.

Induction of diabetes
Cyclophosphamide has been shown to rapidly promote a 

high incidence of diabetes in NOD mice.15,16 At 11 weeks 

of age, 70 mice had blood drawn for baseline A
1c

, and then 

received 200 mg/kg of cyclophosphamide (Sigma-Aldrich, 

St Louis, MO, USA) by intraperitoneal injection. All mice 

were screened for blood glucose levels three times weekly; 

by 13 weeks of age, 25 mice with two consecutive blood 

glucose levels .300 mg/dL were diagnosed as diabetic and 

entered into the study, and the remaining mice received a 

second 200 mg/kg intraperitoneal dose of cyclophosphamide. 

By 15 weeks of age, an additional 14 mice (39 total) had 

two consecutive blood glucose levels .300 mg/dL, were 

diagnosed as diabetic, and were entered into the study.

Sotagliflozin treatment
Diabetic mice were randomized by body weight and blood 

glucose level into four treatment groups, as shown in Table 1. 

On day –1, while under isoflurane anesthesia, all mice were 

implanted subcutaneously with an Alzet micro-osmotic pump 

(model 1004, 4 weeks’ duration; Durect, Cupertino, CA, 

USA) delivering insulin in the form of Humulin R (Eli Lilly, 

Indianapolis, IN, USA) at doses of either 0.05 U/day or 0.2 U/

day; these doses were determined in preliminary studies (data 

not shown). On the next day (study day 1), all mice received 

their first daily dose of either vehicle (0.1% Tween 80 in 

water) alone or vehicle containing sotagliflozin, chemical 

structure (2S,3R,4R,5S,6R)-2-(4-chloro-3-[4-ethoxybenzyl]

phenyl)-6-(methylthio)tetrahydro-2H-pyran-3,4,5-triol, 

which was synthesized by Lexicon Pharmaceuticals.10 

Sotagliflozin was delivered once in the afternoon by oral 

gavage at a dose of either 2 mg/kg or 30 mg/kg in a 10 mL/kg 

total volume; these doses were chosen because in past mouse 

studies, 2 mg/kg had a half-maximal effect and 30 mg/kg a 

maximal effect on urinary glucose excretion.14

Blood-chemistry analyses
All blood samples were collected on conscious, unanesthetized 

mice. Glucose levels were measured by an Accu-Chek Aviva 

glucometer (Roche Diagnostics, Indianapolis, IN, USA) on 

whole blood samples obtained by tail nick; off-scale high 
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Figure 1 Body weight data.
Notes: Body weight was measured daily on all mice. The well-controlled (insulin 0.2 U/vehicle) group was different from: each sotagliflozin-treated group (^P,0.05); insulin 
0.05 U/vehicle group and insulin 0.05 U/sotagliflozin 2 mg/kg groups (*P,0.05; **P,0.01).
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readings were assigned a glucose level of 601 mg/dL. A
1c

 was 

measured on whole blood samples collected by retro-orbital 

bleed, using the A
1c

 Now+ System (Bayer HealthCare, Sunny-

vale, CA, USA) as described previously.14 Serum samples, 

obtained from whole blood samples collected by retro-orbital 

bleed, were assayed for insulin using the Ultra Sensitive Mouse 

Insulin ELISA Kit (90080; Crystal Chem, Downers Grove, IL, 

USA) which recognizes endogenous and exogenous insulin, and 

for β-hydroxybutyrate using the β-Hydroxybutyrate LiquiColor 

Kit (SBHR-100; Stanbio Laboratory, Boerne, TX, USA).

Statistics
Results are presented as mean ± standard deviation. Analyses 

of A
1c

 values were performed by one-way analysis of variance 

(ANOVA), with post hoc analysis performed by the Bonferroni 

method. Daily glucose levels and daily change from baseline 

body weight were analyzed by repeated-measures ANOVA, 

with post hoc analysis performed by the Bonferroni method. 

Insulin and β-hydroxybutyrate levels were analyzed using the 

Kruskal–Wallis test, with post hoc analysis performed with 

Dunn’s multiple-comparison test. All statistical tests were 

performed using Prism 4.03 (GraphPad). Differences were 

considered statistically significant when P,0.05.

Results
Preliminary studies using micro-osmotic pumps to deliver 

insulin to NOD mice with T1D showed: 1) all mice receiv-

ing at least 0.02 U insulin/day appeared healthy and survived 

the 4-week study, while .40% of mice that did not receive 

insulin were euthanized because they appeared quite ill; 2) 

mice receiving 0.05 U insulin/day maintained comparable 

high blood glucose levels, but with less body weight loss, 

when compared to mice receiving 0.02 U insulin/day; and 

3) mice receiving 0.2 U insulin/day had lower blood glucose 

levels than mice receiving 0.1 U insulin/day, and had far fewer 

measurements of blood glucose ,70 mg/dL and ,50 mg/

dL than mice receiving 0.25 U insulin/day (data not shown). 

Based on these data, we delivered insulin doses of 0.05 U/day 

to maintain diabetic NOD mice in poor glycemic control, and 

0.2 U/day to maintain diabetic NOD mice in good glycemic 

control.

Of the 70 NOD mice treated with cyclophosphamide, 

39 developed diabetes and were randomized to one of the 

four experimental groups (Table 1). As shown in Figure 1, 

body weight was stable over the course of the study in the 

0.2 U insulin/vehicle group designed to maintain good 

glycemic control, but was significantly decreased in the 

0.05 U insulin/vehicle group designed to maintain poor 

glycemic control. Decreased body weight was also observed 

in the two groups receiving 0.05 U insulin and sotagliflozin, 

relative to the 0.2 U insulin/vehicle group; this decrease was 

significant in the group receiving 2 mg/kg, but not in the 

group receiving 30 mg/kg, of sotagliflozin. All mice survived 

to the end of the 23-day study.

Fed blood glucose levels were measured frequently 

over the course of the study. As shown in Figure 2, glu-

cose levels remained quite high throughout the study for 

the 0.05 U insulin/vehicle group. In contrast, glucose 
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Figure 2 Sotagliflozin significantly lowered blood glucose levels in mice with poorly 
controlled type 1 diabetes.
Notes: Glucose levels were measured on whole blood samples obtained by tail nick 
3 days/week. The poorly controlled (insulin 0.05 U/vehicle) group was: different 
from all other groups (*P,0.05; **P,0.01; ***P,0.001); different from the insulin 
0.05 U/sotagliflozin 30 mg/kg group and the insulin 0.2 U/vehicle group (^P,0.01).

Table 2 Frequency of hypoglycemic measurements

Study group Frequency of blood glucose

Insulin 
(U/day)

Sotagliflozin 
(mg/kg)

,70 mg/dL ,50 mg/dL

0.05 0 0/100a 0/100b

0.05 2 0/100 0/100
0.05 30 1/90 0/90
0.2 0 13/100 5/100

Notes: aGlucose measurements ,70 mg/dL/total glucose measurements obtained 
during the study; bglucose measurements ,50 mg/dL/total glucose measurements 
obtained during the study.

Insulin 0.2 U/vehicle

Insulin 0.05 U/vehicle

Insulin 0.05 U/sotagliflozin 2 mg/kg

Insulin 0.05 U/sotagliflozin 30 mg/kg
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Figure 3 Sotagliflozin slowed the rise in A1c in mice with poorly controlled type 1  
diabetes.
Notes: A1c was measured on whole blood collected by retro-orbital bleed at 
baseline and on day 23, the last study day. **P0.01, different from the poorly 
controlled (insulin 0.05 U/vehicle) group.
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levels in the 0.2 U insulin/vehicle group were significantly 

lower than those of the poorly controlled 0.05 U insulin/

vehicle group by day 2 of insulin treatment, and remained 

significantly lower throughout the study. Among the three 

groups of mice receiving 0.05 U insulin/day, glucose levels 

were significantly lower in the two groups receiving sota-

gliflozin compared to the poorly controlled group receiving 

vehicle by day 2 of insulin treatment, and remained sig-

nificantly lower throughout the study. In general, glucose 

levels appeared lowest and roughly comparable for the 

0.2 U insulin/vehicle group and the 0.05 U insulin/30 mg/

kg sotagliflozin group, and appeared somewhat higher for 

the group receiving 0.05 U insulin/2 mg/kg sotagliflozin; 

however, there were no significant differences in glucose 

levels among these three groups on any study day. To evalu-

ate the rate of low blood glucose measurements among the 

four groups of mice, all glucose measurements ,70 mg/dL 

and ,50 mg/dL were counted for each group. As shown in 

Table 2, measurements ,70 mg/dL occurred 13 of 100 times 

in the 0.2 U insulin/vehicle group and only one of 290 times 

in the other three groups, while measurements ,50 mg/dL 

occurred five of 100 times in the 0.2 U insulin/vehicle group 

and zero of 290 times in the other three groups.

The effect of the four treatments on A
1c

 levels is shown 

in Figure 3. Over the course of the study, A
1c

 levels rose 

significantly more in the 0.05 U insulin/vehicle group than 

in each of the other three groups. There was no difference in 

final A
1c

 levels, or in the change in A
1c

 levels over the course 

of the study, among the 0.2 U insulin/vehicle group and the 

two groups receiving 0.05 U insulin and sotagliflozin.

The relative stability of glucose levels over time for all 

groups suggests that the micro-osmotic pumps delivered 

insulin throughout the study consistent with the presence 

of measurable insulin levels in all mice on the last study 

day (Figure 4A). β-Hydroxybutyrate levels were variable, 

within the normal range, and not significantly different 

among the four groups (Figure 4B). In the single mouse with 

β-hydroxybutyrate level .3.8 nmol/L on the last study day 

(day 23), the accompanying serum insulin level of 0.28 ng/

mL was the lowest value recorded in all four groups, and the 

blood glucose level of 510 mg/dL was among the highest 

values recorded. As shown in Figure 4B and C, the three 

mice with β-hydroxybutyrate levels .1 nmol/L on day 23 

had very low accompanying insulin levels.
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Figure 4 Insulin and β-hydroxybutyrate levels. 
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(B) β-Hydroxybutyrate levels measured in all mice on day 23. (C) The insulin and β-hydroxybutyrate levels presented above were plotted for each individual mouse.
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Discussion
Sotagliflozin significantly lowered fed blood glucose levels 

in NOD mice with poorly controlled T1D. The response 

was rapid, appearing to be maximal by day 2, and lasted 

through the remainder of the study. These data on fed blood 

glucose are consistent with the significantly slower rise in 

A
1c

 observed when NOD mice with poorly controlled T1D 

were treated with sotagliflozin, and are reminiscent of the 

ability of sotagliflozin to lower blood glucose and A
1c

 levels 

in humans and mice with T2D.10–12,14 These results are also 

reminiscent of the resistance of mice lacking SGLT2 to 

develop hyperglycemia despite insulin deficiency brought 

on by exposure to the β-cell toxin streptozotocin.17,18 In mice 

receiving 0.05 U insulin/day, the improved glycemic control 

that accompanied sotagliflozin treatment was not associated 

with an increased rate of hypoglycemia measurements. In 

addition, this improved glycemic control of sotagliflozin-

treated mice receiving 0.05 U insulin/day was similar to the 

glycemic control of vehicle-treated mice receiving higher-

dose insulin (0.2 U insulin/day), but was without the higher 

rate of hypoglycemia measurements observed in vehicle-

treated mice receiving 0.2 U insulin/day. These results are 

consistent with the ability of sotagliflozin to lower blood 

glucose through two insulin-independent pathways: 1) by 

inhibiting renal SGLT2, which increases urinary glucose 

excretion, and 2) by inhibiting intestinal SGLT1, which 

delays glucose absorption.10,11,13,14

The NOD mice used in this study had a fairly typical 

response to cyclophosphamide, with 56% developing 

diabetes.14 The diabetes that develops in NOD mice has been 

shown to have an autoimmune basis similar to that present in 

humans with T1D, making the NOD-mouse model a mainstay 

for T1D research.19 Indeed, the NOD mice used in the present 

study required insulin treatment to be reasonably healthy, sug-

gesting that this model can provide insight into the efficacy 

of sotagliflozin in patients with T1D. This contrasts with past 

data generated by studying the effects of sotagliflozin in KKAy 

mice, because KKAy mice are in fact hyperinsulinemic and 

represent a valuable rodent model of T2D, not T1D.14

Delivering insulin by micro-osmotic pump at a rate of 

0.2 U/day over 23 days provided better control of body 

weight and levels of fed blood glucose and A
1c

 than did deliv-

ery at a rate of 0.05 U/day, consistent with our preliminary 

data. In NOD mice with T1D, the blood glucose levels and 

rate of low blood glucose measurements observed when we 

delivered insulin at 0.2 U/day were very similar to those 

recently observed by others delivering insulin by micro-

osmotic pump at the same rate;20 in addition, it was observed 

that delivering insulin at a rate of 0.25 U/day led to lower 

glucose levels, but more hypoglycemia measurements, than 

a rate of 0.2 U/day,20 similar to our experience. The insulin 

dose of 0.2 U/day appears to be a good compromise between 

normalizing glucose levels and minimizing the frequency of 

hypoglycemia measurements.
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The greater body-weight loss of the three groups 

receiving 0.05 U insulin/day relative to the group receiving 

0.2 U insulin/day stabilized over the last week of the 

study, and was not associated with increased levels of 

β-hydroxybutyrate, suggesting that the greater weight 

loss was not in general due to a deteriorating metabolic 

state associated with ketoacidosis. At the end of the study, 

all mice with β-hydroxybutyrate levels .1 nmol/L were 

receiving the lower insulin dose of 0.05 U/day and had 

very low serum insulin levels associated with high blood 

glucose levels; this observation suggests that the higher 

β-hydroxybutyrate levels were due to inadequate insulin 

release from the micro-osmotic pumps in these particular 

mice. The mouse with the lowest insulin level had the high-

est β-hydroxybutyrate level of 4.4 nmol/L, which suggests 

the presence of diabetic ketoacidosis.21,22 The fact that this 

mouse was receiving sotagliflozin suggests that sotagliflozin 

will not protect individuals with T1D maintained on an inad-

equate insulin dose from developing diabetic ketoacidosis; 

however, the very high blood glucose level of 510 mg/dL 

measured on the same day indicates that sotagliflozin was 

not masking the state of profound insulin deficiency present 

in this mouse.

The present work is limited by the small numbers of 

mice studied and by the short study duration. Also, we did 

not measure glucagon levels in the current study, because 

we did not observe a significant increase in glucagon levels 

in sotagliflozin-treated patients with T2D.10 However, data 

showing that treatment with selective SGLT2 inhibitors 

was associated with elevated glucagon levels in patients 

with T2D,23,24 published after our study was completed, 

suggest that future studies must carefully evaluate the effect 

of sotagliflozin on glucagon levels in individuals with T1D 

and T2D. In addition, we did not investigate the relative 

contribution of renal SGLT2 inhibition versus intestinal 

SGLT1 inhibition on the ability of sotagliflozin to improve 

glycemic control; in this study, we wanted to remain focused 

on whether sotagliflozin could improve glycemic control 

without increasing the frequency of hypoglycemia events 

in NOD mice with T1D, to help inform us of the value of 

proceeding with clinical trials of sotagliflozin in patients 

with T1D.

Conclusion
Sotagliflozin significantly improved the poor glycemic con-

trol of NOD mice with T1D maintained on a low insulin dose 

without increasing the rate of hypoglycemia measurements. 

This sotagliflozin-mediated improvement in glycemic control 

was comparable to that achieved by treating T1D NOD mice 

with a higher dose of insulin alone, but was not accompa-

nied by the increased rate of hypoglycemia measurements 

observed with the higher insulin dose. Despite the limitations 

noted, the data presented here clearly support further study 

of sotagliflozin-mediated dual SGLT1/SGLT2 inhibition as 

a novel mechanism of action to improve glycemic control, 

while minimizing the frequency of hypoglycemic events in 

patients with T1D.
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