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Background. Sodium-glucose cotransporter 2 (SGLT2) inhibitors lower glycemia by enhancing urinary glucose 
excretion. The physiologic response to pharmacologically induced acute or chronic glycosuria has not been 
investigated in human diabetes.

Methods. We evaluated 66 patients with type 2 diabetes (62 ± 7 years, BMI = 31.6 ± 4.6 kg/m2, HbA1c = 55 ± 8 
mmol/mol, mean ± SD) at baseline, after a single dose, and following 4-week treatment with empagliflozin 
(25 mg). At each time point, patients received a mixed meal coupled with dual-tracer glucose administration 
and indirect calorimetry.

Results. Both single-dose and chronic empagliflozin treatment caused glycosuria during fasting (median, 7.8 
[interquartile range {IQR}, 4.4] g/3 hours and 9.2 [IQR, 5.2] g/3 hours) and after meal ingestion (median, 29.0 
[IQR, 12.5] g/5 hours and 28.2 [IQR, 15.4] g/5 hours). After 3 hours of fasting, endogenous glucose produc-
tion (EGP) was increased 25%, while glycemia was 0.9 ± 0.7 mmol/l lower (P < 0.0001 vs. baseline). After meal 
ingestion, glucose and insulin AUC decreased, whereas the glucagon response increased (all P < 0.001). While 
oral glucose appearance was unchanged, EGP was increased (median, 40 [IQR, 14] g and 37 [IQR, 11] g vs. 34 
[IQR, 11] g, both P < 0.01). Tissue glucose disposal was reduced (median, 75 [IQR, 16] g and 70 [IQR, 21] g vs. 
93 [IQR, 18] g, P < 0.0001), due to a decrease in both glucose oxidation and nonoxidative glucose disposal, 
with a concomitant rise in lipid oxidation after chronic administration (all P < 0.01). β Cell glucose sensitivity 
increased (median, 55 [IQR, 35] pmol•min–1•m–2•mM–1 and 55 [IQR, 39] pmol•min–1•m–2•mM–1 vs. 44 [IQR, 32] 
pmol•min–1•m–2•mM–1, P < 0.0001), and insulin sensitivity was improved. Resting energy expenditure rates and 
those after meal ingestion were unchanged.

Conclusions. In patients with type 2 diabetes, empagliflozin-induced glycosuria improved β cell function and 
insulin sensitivity, despite the fall in insulin secretion and tissue glucose disposal and the rise in EGP after one 
dose, thereby lowering fasting and postprandial glycemia. Chronic dosing shifted substrate utilization from 
carbohydrate to lipid.

Trial registration. ClinicalTrials.Gov NCT01248364 (EudraCT no. 2010-018708-99).

Funding. This study was funded by Boehringer Ingelheim.

Introduction
Under normal circumstances, glycosuria is minimal, even after a large 
meal, because plasma glucose concentrations rarely exceed the renal 
glucose threshold. In persons with diabetes, glycosuria provides some 
protection against severe hyperglycemia. Sodium-glucose cotrans-
porter 2 (SGLT2), a low-affinity, high-capacity member of an increas-
ingly numerous family of cotransporters (1), is highly expressed in 
the proximal renal tubule, in which it is reputed to be responsible for 
the bulk of reabsorption of filtered glucose (2). The idea of blocking 
SGLT2 activity to induce therapeutic glycosuria stems from the first 
demonstration of competitive inhibition by phlorizin of glucose 

uptake into brush border vesicles from normal human kidney (3). 
Subsequent studies showed that phlorizin-induced chronic glyco-
suria corrected insulin resistance and restored β cell function in the 
pancreatectomized rat model of type 2 diabetes (4), thereby laying the 
groundwork for the concept of glucose toxicity (5). In knockout mice, 
deletion of SGLT2 improves glucose tolerance and β cell function 
(6, 7), without compromising renal growth or function (8). Finally, 
familial renal glycosuria, a rare condition due to inactivating private 
mutations of the gene encoding SGLT2 (SLC5A2), provides a human 
model of chronic euglycemic glycosuria that appears to be associated 
with preserved renal function and, to the best of available evidence, 
normal glucose tolerance and body weight (9, 10).

Based on these premises, a new class of orally active antihyper-
glycemic agents has recently undergone pharmacological develop-
ment, with some of them already available for clinical use (11–16). 
Most of these compounds are highly selective for SGLT2, although 
dual SGLT2/SGLT1 inhibitors also are being tested for the treat-
ment of type 2 diabetes (17, 18).

Conflict of interest: This study was sponsored by Boehringer Ingelheim. Ele Ferran-
nini has served as an ad hoc consultant and occasional speaker for Boehringer Ingel-
heim, Merck & Co., Sanofi, Eli Lilly and Co., Johnson & Johnson, Astellas, Daiichi 
Sankyo, Bristol-Myers Squibb/AstraZeneca, and Novartis. Andrea Mari has received 
research grants from Eli Lilly and Co. and Novo Nordisk. Tim Heise is an employee of 
Profil. Uli C. Broedl and Hans-Juergen Woerle are employees of Boehringer Ingelheim.

Citation for this article: J Clin Invest. 2013;124(2):499–508. doi:10.1172/JCI72227.

Related Commentary, page 485  



clinical medicine

500 The Journal of Clinical Investigation   http://www.jci.org   Volume 124   Number 2   February 2014

When large amounts of glucose — ranging from 50 to 100 g 
daily — and the corresponding calorie equivalent (200–400 kcal/d) 
are pharmacologically forced into urinary excretion, whole-body 
metabolism must undergo adaptive changes involving glucose 
fluxes, hormonal responses, fuel selection, and energy expenditure. 
In the present work, we used empagliflozin, a highly potent and 
selective SGLT2 inhibitor, to investigate the integrated physiologi-
cal response to forced glycosuria in patients with type 2 diabetes. By 
combining a mixed meal with the double-tracer technique, we mea-
sured the separate contribution of meal-derived glucose, endoge-
nous glucose production (EGP), and whole-body glucose disposal 
to plasma glucose concentrations. With the use of indirect calorim-
etry, we assessed the attendant changes in substrate utilization and 
energy expenditure. Specifically, we tested the following questions: 

(a) whether the glycosuric effect of the inhibitor is maintained over 
time, (b) whether EGP is altered in response to the glycosuria, (c) 
how the lower plasma glucose levels affect β cell function and insu-
lin sensitivity, (d) how tissue substrate utilization adapts to the glu-
cose leak, (e) what is the hormonal background of these responses, 
and (f) whether the glycosuria-induced energy deficit alters resting 
energy expenditure and the thermogenic response to feeding.

Results
The final patient population (Figure 1) consisted of overweight/
obese patients, mostly with a disease duration longer than 5 years, 
with preserved renal function and good glycemic control (Table 1).

Baseline. During the 3 hours preceding meal ingestion, plasma 
glucose concentrations decreased by 1.3 ± 0.8 mmol/l (P < 0.0001), 

Figure 1
Flow chart. Flow chart of patient enrollment, allocation, and follow-up.

Table 1
Anthropometric and metabolic characteristics of the study subjectsA

 Baseline Acute Chronic PB PC

n (F/M) 66 (21/45) 66 (21/45) 65 (21/44) – –
Age (yr) 61.8 ± 6.9 – – – –
Duration of disease (<1/<5/<10/>10 yr) 3/18/26/19 – – – –
Body weight (kg) 94.6 ± 16.2 94.1 ± 16.2 93.2 ± 16.2 <0.0001 <0.0001
BMI (kg•m–2) 31.6 ± 4.6 31.5 ± 4.6 31.1 ± 4.5 <0.0001 <0.0001
FFM (kg) 61.2 ± 10.4 61.0 ± 10.4 60.5 ± 10.4 <0.0001 <0.0001
Waist (cm) 109 ± 11 108 ± 11 108 ± 11 0.0496 0.0006
HbA1c (%) 7.2 ± 1.0 7.2 ± 0.9 6.8 ± 0.8 NS <0.0001
EGFR (ml•min–1•1.73m2) 86 ± 15 87 ± 13 83 ± 14 NS NS
Fasting plasma glucose (mmol/l)D 8.7 ± 1.6 8.9 ± 1.5 7.6 ± 1.1 NS <0.0001
Fasting plasma insulin (pmol/l)D [IQR] 73 [74] 82 [61] 63 [50] NS <0.0001
Fasting plasma glucagon (pmol/l)D 18 ± 8 20 ± 7 19 ± 7 0.0378 NS
Fasting I/Glg ratio (mol/mol)D [IQR] 9 [5] 9 [4] 8 [5] NS <0.0001
Time 0 plasma glucose (mmol/l)E 7.4 ± 1.4 6.7 ± 1.0 6.2 ± 0.8 <0.0001 <0.0001
Time 0 plasma insulin (pmol/l)E [IQR] 57 [46] 53 [33] 43 [43] 0.0120 <0.0001
Time 0 plasma glucagon (pmol/l)E 16 ± 6 19 ± 7 17 ± 6 NS NS
Time 0 I/Glg ratio (mol/mol)E [IQR] 9 [5] 7 [4] 7 [4] <0.0001 <0.0001

AData are mean ± SD or median [IQR] for normally or nonnormally distributed parameters; correspondingly, P values are from paired t test or Wilcoxon 
signed-rank testing (PB = acute vs. baseline, PC = chronic vs. baseline). DBefore drug administration. EJust before meal ingestion. I/Glg ratio, estimated pre-
hepatic insulin-to-glucagon molar concentration ratio. F, female; M, male.
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reflecting progression of the fast; over this time period, the esti-
mated prehepatic insulin/glucagon molar concentration ratio did 
not change (Table 1). Following the ingestion of the mixed meal, 
plasma glucose excursions peaked at 30 minutes (by ∼5 mmol/l on 
average) and did not return to baseline values before 5 hours (Fig-
ure 2). Plasma insulin and glucagon concentrations, and their esti-
mated prehepatic molar concentration ratios, rose and fell in a time 
pattern parallel to that of glycemia (Figure 2 and Table 2). The rela-
tionship between insulin secretion rates and concomitant plasma 
glucose concentrations (i.e., β cell glucose sensitivity) was typical of 
this kind of patients (refs. 19, 20, and Figure 3), the average value 
(median, 44 [interquartile range {IQR}, 32] pmol•min–1•m–2•mM–1) 
being reduced by approximately 60% in comparison with that of a 
historical control group of nondiabetic subjects studied with the 
exact same protocol (98 pmol•min–1•m–2•mM–1) (19, 20). Fasting 
insulin secretion rate was within the normal range (21), extrapo-
lating to approximately 27 U/m2 over 24 hours; an average incre-
mental output of 11 U/m2 insulin was used to dispose of the meal. 
Both potentiation and rate sensitivity were reduced in comparison 

with those in nondiabetic subjects (1.73 and 1,081 pmol•m–2•mM–1, 
respectively) (refs. 19, 20, and Table 3). The meal elicited a robust 
and protracted GLP-1 response and a large decrement in circulat-
ing FFA concentrations (Figure 4).

During the period after meal ingestion, 61 g oral glucose had 
appeared in the systemic circulation by the end of 5 hours (Table 
4), at which time oral glucose was still appearing at a rate of 
approximately 5 μmol•kgFFM

–1•min–1 (Figure 5A). As glycosuria was 
negligible (Table 5), body tissue disposal was almost entirely attrib-
utable to the sum of oral (61 g) and endogenous glucose (34 g);  
oxidation and nonoxidative glucose disposal contributed in an 
approximate ratio of 1:2.5 (Figure 6). Insulin sensitivity — as the 
ratio of mean glucose metabolic clearance rate (MCR) to mean 
insulin concentration during meal absorption — was severely 
impaired, its value being only one-third of that of lean nondia-
betic subjects (24 ml•kgFFM

–1•min–1•nM–1) fed the same meal (20). 
Meal-induced thermogenesis averaged 12% (Figure 7).

Acute study. After a single first dose of 25 mg empagliflozin, 
patients excreted an average of 8 g glucose into the urine over the 

Figure 2
Plasma glucose and insulin concentrations and prehepatic insu-
lin-to-glucagon ratio. Plasma glucose and insulin concentrations as 
well as estimated prehepatic insulin-to-glucagon molar concentration 
ratio in 66 patients with type 2 diabetes at baseline, after a single dose 
of empagliflozin, and following 4 weeks of chronic empagliflozin admin-
istration during 3 hours of fasting and 5 hours after mixed meal inges-
tion. Plots represent mean ± SEM.

Table 2
Glucose, hormones, and FFA during the mealA

 Baseline Acute Chronic PB PC

AUCG (g•dl–1•h) [IQR] 57 [16] 51 [11] 51 [10] <0.0001 <0.0001
AUCI (nmol•l–1•h) [IQR] 93 [65] 80 [59] 76 [59] <0.0001 <0.0001
AUCGlg (nmol•l–1•h) 1.07 ± 0.32 1.33 ± 0.42 1.15 ± 0.36 <0.0001 0.0005
Meal I/Glg ratio (mol/mol) [IQR] 29 [19] 22 [17] 24 [19] <0.0001 <0.0001
AUCGLP-1 (nmol•l–1•h) 8.7 ± 4.1 10.4 ± 3.9 9.2 ± 3.9 0.0013 NS
AUCGIP (nmol•l–1•h) 38.3 ± 38.4 39.8 ± 43.7 36.5 ± 43.1 NS NS
AUCFFA (mEq•l–1•h) 68 ± 23 86 ± 29 94 ± 33 <0.0001 <0.0001
Insulin MCR (l•min–1•m2) 1.20 ± 0.42 1.32 ± 0.46 1.43 ± 0.53 <0.0001 <0.0001

AData are mean ± SD or median [IQR] for normally or nonnormally distributed parameters; correspondingly, P values are from paired t test or Wilcoxon 
signed-rank testing (PB = acute vs. baseline, PC = chronic vs. baseline). G, glucose; I, insulin; Glg, glucagon; I/Glg ratio, estimated prehepatic insulin-to- 
glucagon molar concentration ratio.
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subsequent 3 hours of fasting and 29 g over the 5-hour period after 
meal ingestion (Figure 8 and Table 5). Fasting plasma glucose lev-
els (before drug administration) were similar to the correspond-
ing values of the baseline study, but at time 0 — i.e., after 3 hours 
of fasting — glycemia had dropped by 2.2 ± 0.9 mmol/l, a signifi-
cantly (P < 0.0001) greater change than that seen in the baseline 
study (Δ = 0.9 ± 0.7 mmol/l) (Table 1). As plasma insulin decreased 
more than plasma glucagon, their prehepatic molar concentration 
ratio at time 0 was significantly decreased as compared with that 
at baseline (from 9 [IQR, 5] to 7 [IQR, 4] mol/mol, P < 0.0001).

Over the postprandial period, the area under the glucose curve 
was significantly reduced (by 12%), as were the plasma insulin and 
total insulin secretory responses (Tables 2 and 3). In contrast, the 
plasma glucagon response was increased (Figure 4), whereby the esti-
mated prehepatic insulin-to-glucagon ratio was decreased, as com-
pared with that at baseline (Figure 3). Fasting EGP was increased 
by approximately 30%, and EGP was also greater throughout meal 
absorption (Table 4 and Figure 5B), the difference from the baseline 
study being greater than 0 at all time points (Figure 5C). Whereas 
appearance of oral glucose was similar to that at baseline, tissue glu-
cose disposal (TGD) was 20% reduced — virtually entirely due to a fall 
in nonoxidative glucose disposal (Figure 6) — despite a significant 

improvement in insulin sensitivity (Table 4). Neither lipid nor pro-
tein oxidation was different from those at baseline. Resting energy 
expenditure and meal-induced thermogenesis were superimposable 
on the baseline values. With regard to β cell function, glucose sensi-
tivity was improved and total insulin output was decreased, while 
potentiation and rate sensitivity did not change (Table 3). The GLP-1 
response to the meal was enhanced, while meal-induced FFA sup-
pression was significantly blunted (Table 2 and Figure 4).

Chronic study. After 4 weeks of treatment, 25 mg empagliflozin 
caused fasting and after meal glycosuria, which were similar 
in quantity and time course to the acute study (Figure 7 and 
Table 5). As compared to the baseline study, HbA1c, fasting, and 
mean glucose levels after meal ingestion were all significantly 
decreased (Tables 1 and 2). The fasting plasma insulin con-
centration and the insulin response to the meal were reduced, 
whereas the glucagon response was still increased, though some-
what less than during the acute study. As a consequence, the 
estimated prehepatic insulin-to-glucagon ratio was reduced 
as compared with that at baseline. As was the case in the acute 
study, both fasting and EGP after meal ingestion were higher 
than in the baseline study, although differences after meal inges-
tion were attenuated (Figure 5C). Appearance of oral glucose 
was comparable to that at baseline and the acute study. TGD 
was decreased in the fasting state as well as throughout the meal, 
with both glucose oxidation and nonoxidative glucose disposal 
contributing to the decrease (Table 4). The decrease in glucose 
oxidation was matched by an increase in lipid oxidation, with no 
change in protein oxidation or meal-related energy expenditure 
(Table 5 and Figures 6 and 7).

Insulin sensitivity was numerically — but not statistically signifi-
cantly — improved as compared to baseline, whereas β cell glucose 
sensitivity was enhanced to a similar extent as in the acute study; 
neither potentiation nor rate sensitivity was different.

The GLP-1 response still appeared somewhat enhanced (though 
not significantly), and FFA suppression was still impaired. It is of 
note that insulin clearance was significantly increased following 
both acute and chronic empagliflozin administration (Table 2).

Table 3
β Cell function parametersA

 Baseline Acute Chronic PB PC

Fasting ISR (pmol•min–1•m–2) [IQR] 112 [52]  113 [44] 102 [45] NS <0.0001
Total IS (nmol•m–2) [IQR] 102 [46] 95 [47] 101 [48] 0.0025 NS
β-GS (pmol•min–1•m–2•mM–1) [IQR] 44 [32] 55 [35] 55 [39] <0.0001 0.0003
Potentiation factor (ratio) [IQR] 1.17 [0.34] 1.12 [0.34] 1.07 [0.22] NS NS
Rate sensitivity (pmol•m–2•mM–1) [IQR] 164 [607] 175 [430] 220 [365] NS NS

AData are median [IQR]; correspondingly, P values are from Wilcoxon signed-rank testing (PB = acute vs. baseline, PC = chronic vs. baseline). ISR, insulin 
secretion rate; IS, insulin secretion; β-GS, β cell glucose sensitivity.

Figure 3
Insulin secretion rates and their relationship to prevailing plasma glu-
cose concentrations. (A) Insulin secretion rate in 66 patients with type 
2 diabetes at baseline, after a single dose of empagliflozin, and fol-
lowing 4 weeks of chronic empagliflozin administration during 3 hours 
of fasting and 5 hours after mixed meal ingestion. (B) The data in A 
are plotted against the corresponding plasma glucose concentrations 
(compare with Figure 2): the mean slopes of the fitting lines measure  
β cell glucose sensitivity. Plots represent mean ± SEM.
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Discussion
The major new observation of this study is that enhancing glyco-
suria with a single dose of the SGLT2-inhibitor, empagliflozin, 
led to a reduction in insulin secretion and TGD and a rise in EGP. 
Despite the fall in insulin secretion, β cell function was improved; 
in the face of lower insulin concentrations, insulin sensitivity of tis-
sue glucose uptake also was improved. Because empagliflozin does 
not directly affect either β cell function or tissue glucose utiliza-
tion, the current results demonstrate that lowering glucose levels 
can rapidly, though partially, relieve the glucose toxicity of patients 
with type 2 diabetes, confirming previous findings in rodents (4).

In this cohort of patients with well-controlled type 2 diabetes 
with preserved renal function, a single 25-mg dose of empag-
liflozin — administered after an overnight fast — induced sub-
stantial glycosuria (8 g) over the subsequent 3 hours of fasting. 
This elicited a rise in EGP that averaged 7 g over those 3 hours, 
thereby exactly balancing the glucose lost through the urine and 
accounting for the reduction in plasma glucose concentrations. 
It can be calculated that, had the rise in EGP not occurred, the 
same glycosuria would have caused fasting glycemia to fall to 4.7 
mmol/l instead of the observed 6.7 mmol/l, i.e., to normoglyce-
mic levels. Signals for this immediate EGP response presumably 
were the changes in glycemia, the drop in the estimated prehepatic 
insulin-to-glucagon ratio (from 9 [IQR, 5] to 7 [IQR, 4] mol/mol), 
the prompt rise in circulating FFA levels (which may enhance glu-
coneogenesis; refs. 22, 23), and, possibly, yet unidentified factors.

In response to the meal, empagliflozin caused marked glycosuria 
(29 g over 5 hours), which led to a significant decrease in glycemic 
excursions but also to a reduction in the insulin secretory response 
and an augmentation of the glucagon response, such that the pre-
hepatic insulin-to-glucagon concentration ratio decreased by 25%. 
While the lower insulin response is easily explained by the lower glu-
cose levels — which remain the main driver of insulin secretion under 
all circumstances — multiple factors could contribute to the relative 
hyperglucagonemia. Both hyperglycemia — by a direct action on the 
α cell — and increased insulin release — through a paracrine mecha-
nism (24) — restrain glucagon release, but we cannot rule out the par-
ticipation of other factors. The mechanism of the heightened GLP-1 
response remains undetermined, since acute SGLT2 inhibition was 
not associated with changes in the appearance of oral glucose that 
would indicate changes in gastric emptying (such as occurs, for exam-
ple, following gastric bypass surgery; ref. 20). Conversely, there is good 
evidence that GLP-1 changes within the normal range play no role in 
the regulation of gastric emptying (25). It is of interest that the greater 
GLP-1 response, though small (∼20%), should have suppressed gluca-
gon release. With regard to this, growing evidence suggests colocaliza-
tion and cosecretion of multiple hormones by intestinal cells (26–28).

Table 4
Glucose fluxes in the fasting state and during the meal (5 hours)A

 Baseline Acute Chronic PB PC

Fasting EGP (μmol•kgFFM–1•min–1) [IQR] 13.8 [5.2] 17.6 [4.8] 17.5 [4.1] <0.0001 <0.0001
Fasting TGD (μmol•kgFFM–1•min–1) [IQR] 14.9 [5.4] 14.8 [5.2] 12.9 [4.5] NS <0.0001
RaOAUC (g) [IQR] 61 [14] 62 [15] 63 [12] NS NS
EGPAUC (g) [IQR] 34 [11] 40 [14] 37 [11] <0.0001 0.0028
RaTAUC (g) [IQR] 95 [15] 102 [12] 98 [12] <0.0001 0.0033
RdAUC (g) [IQR] 95 [18] 102 [16] 99 [13] <0.0001 NS
TGDAUC (g) [IQR] 93 [18] 75 [16] 70 [21] <0.0001 <0.0001
Insulin sensitivity (ml•kgFFM–1•min–1•nM–1) 8.2 [5.8] 9.1 [6.7] 8.6 [8.0] 0.0226 NS

AData are median [IQR]; correspondingly, P values are from Wilcoxon signed-rank testing (PB = acute vs. baseline, PC = chronic vs. baseline). RaT, rate of 
total glucose appearance.

Figure 4
Glucagon, GLP-1, and FFA response. Plasma glucagon, GLP-1, and 
FFA concentrations in 66 patients with type 2 diabetes at baseline, 
after a single dose of empagliflozin, and following 4 weeks of chronic 
empagliflozin administration during 3 hours of fasting and 5 hours after 
mixed meal ingestion. Plots represent mean ± SEM.
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The makeover of the hormonal milieu following meal-related 
glycosuria — less insulin, more glucagon, and more GLP-1 — had 
important metabolic consequences. First, suppression of EGP dur-
ing meal absorption was significantly blunted, amounting to an 
extra approximately 6 g of glucose added to the systemic circulation 
as compared with the control study. Second, the concomitant fall in 

plasma glucose and insulin concentrations caused a drop in TGD 
of approximately 18 g over 5 hours, almost entirely accounted for 
by a decrease in nonoxidative glucose utilization. It can therefore be 
calculated that, had EGP and TGD remained unaltered in the face of 
glycosuria, glucose levels after meal ingestion would have decreased 
by approximately 50% instead of the observed 12%. However, the effi-
ciency of insulin-mediated glucose disposal, as estimated by the ratio 
of metabolic glucose clearance to insulin levels, was significantly, 
though only marginally, improved. Third, when viewed in the con-
text of the prevailing glucose levels, insulin secretion was enhanced 
by approximately 25%. Both the increased GLP-1 response and the 
reduction of hyperglycemia were likely mechanisms underlying this 
acute improvement in β cell glucose sensitivity. There was, however, 
no significant change in either potentiation or rate sensitivity, indi-
cating an overall limited impact on β cell function. Finally, it is of 
note that the acute deficit of glucose as a substrate did not translate 
into a higher oxidative use of either lipid or protein substrates, as the 
energy derived from glucose oxidation was maintained. Thus, there 
was only a minimal decrement in fasting energy expenditure, with-
out any impairment of meal-induced thermogenesis.

After chronic treatment, the effect of a morning dose of empagli-
flozin on fasting and glycosuria after meal ingestion was superim-
posable on that seen following the first dose. This is explained by 
the fact that the renal glucose threshold, which at baseline marked 
the appearance of glycosuria at plasma glucose concentrations 
above approximately 11.1 mmol/l, was shifted to levels well within 
the normoglycemic range (Figure 8B). This is the expected con-
sequence of a partial inhibition of tubular glucose reabsorption, 
extending throughout the range of plasma and intraluminal glu-
cose concentrations, induced by competitive binding of empagli-
flozin to tubular SGLT2 (29). This finding has clinical relevance, 

Table 5
UGE and substrate oxidation ratesA

 Baseline Acute Chronic PB PC

Fasting urine output (l) [IQR] 0.6 [0.4] 0.7 [0.3] 0.5 [0.4] 0.0002 0.0116
Fasting UGEAUC (g) [IQR] 0.02 [0.03] 7.8 [4.4] 9.2 [5.2] <0.0001 <0.0001
Meal urine output (l) [IQR] 0.6 [0.5] 0.9 [0.4] 0.8 [0.4] <0.0001 <0.0001
Meal UGEAUC (g) [IQR] 0.3 [1.6] 29.0 [12.5] 28.2 [15.4] <0.0001 <0.0001
Meal NPRQ [IQR] 0.79 [0.13] 0.79 [0.10] 0.74 [0.11] NS <0.0001
GOxAUC (g) [IQR] 31 [35] 30 [29] 12 [32] NS <0.0001
NOGDAUC (g) [IQR] 67 [44] 52 [33] 58 [37] <0.0001 0.0050
Meal LOxAUC (g) [IQR] 26 [18] 26 [17] 31 [13] NS 0.0005
Meal POx (g) [IQR] 12 [10] 12 [8] 14 [8] NS NS
Fast EE (kJ/min) [IQR] 4.9 [1.1] 4.8 [0.7] 4.8 [0.8] 0.0113 NS
Meal EE (kJ/min) [IQR] 5.5 [1.2] 5.3 [1.0] 5.3 [1.0] NS NS
Meal-stimulated EE (%) 12 [8] 13 [8] 12 [11] NS NS

AData are median [IQR]; correspondingly, P values are from Wilcoxon signed-rank testing (PB = acute vs. baseline, PC = chronic vs. baseline). NPRQ, nonpro-
tein respiratory quotient; GOx, glucose oxidation; NOGD, nonoxidative glucose disposal; LOX, lipid oxidation; POX, protein oxidation; EE, energy expenditure.

Figure 5
Rates of appearance of oral and endogenous glucose. (A) Rates of oral 
glucose appearance in patients with type 2 diabetes during the baseline 
study, after a single dose (acute study), and after 28 days of empag-
liflozin dosing (chronic study). (B) EGP in patients with type 2 diabe-
tes during the baseline study, after a single dose, and after 28 days of 
empagliflozin dosing. (C) Point-by-point difference in EGP between the 
acute (red line) or chronic (green line) study and the baseline study in 
patients with type 2 diabetes. Plots represent mean ± SEM.
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in that little weakening of the primary effect of SGLT2 inhibition 
is to be expected as plasma glucose levels decrease with chronic 
treatment. Also, both acutely and chronically, the observed glyco-
suria amounted to a deficit of approximately 20% of the calorie 
content of the meal.

After 4 weeks of treatment, both HbA1c and fasting glucose 
levels declined significantly, and postprandial glucose exposure 
was reduced to a similar extent as with single-dose administra-
tion in concomitance with even lower peripheral plasma insulin 
levels (Table 2). The physiological adaptation to chronic drug-in-
duced glycosuria was qualitatively similar to that seen after the 
first empagliflozin administration, with a few differences. While 
fasting EGP was increased to a similar extent, the excess EGP dur-
ing the meal was somewhat blunted, amounting to only 3 g over 
5 hours. Correspondingly, the glucagon response also was atten-
uated, and the GLP-1 response was no longer different from base-
line. The improvement in β cell function was similar to that in the 
acute study, and estimated insulin sensitivity was at least main-
tained as compared to baseline. The main difference consisted of a 
larger decrement in TGD — now affecting both nonoxidative glu-
cose disposal (as in the acute study) and glucose oxidation — as a 
joint result of prolonged reductions in insulin output and glucose 
levels (30). As a consequence, energy expenditure was maintained 
at the cost of a rise in lipid oxidation, which was paralleled (and 
supported) by higher FFA concentrations (AUCFFA: 94 ± 33 vs. 86 
± 29 mEq•l–1•h, P < 0.01).

In summary, pharmacological blockade of renal glucose reab-
sorption does reduce fasting and postprandial glycemia both 
acutely and chronically without causing hypoglycemia, confirm-
ing the potential use of empagliflozin as a glucose-lowering agent 
in patients with type 2 diabetes (18). As expected from studies in 
experimental diabetes (4), both β cell function and insulin sensi-
tivity are improved, though the full extent of such changes proba-
bly requires longer drug exposure with additional relief of gluco-
toxicity. Pharmacologically induced glycosuria does not alter the 

appearance of oral glucose (or, presumably, gastric emptying) but 
results in a compensatory increase in endogenous glucose release 
and lower tissue glucose uptake as a consequence of lower glucose 
and insulin levels and higher glucagon levels. In the longer term, 
the attendant deficit of glucose oxidation is made up for by extra 
lipid oxidation, thereby maintaining energy balance. Whereas 
enhanced oxidative lipid utilization — along with the calorie defi-
cit induced by urinary glucose loss — is expected to eventually lead 
to reduced fat mass (31), it is relevant to observe that treatment 
with empagliflozin does not result in reduced rates of energy 
expenditure or a blunted thermogenic effect of feeding. Therefore, 
the observation in longer-term clinical trials that weight loss is less 
than predicted by glycosuria suggests that this form of treatment 
stimulates calorie intake (32).

One limitation of this study is the absence of a control group 
made up of nondiabetic subjects or patients with type 2 diabetes 
matched for changes in glucose control or energy deficit. However, 
the current observations were made in patients with type 2 diabe-
tes with a rather typical clinical phenotype, in whom SGLT2 inhi-
bition, especially as an add on to metformin, would presumably 
represent a viable approach to achieving target glycemic control.

Methods
Study population. Sixty-six patients with type 2 diabetes (32 drug-naive 
patients or patients off any glucose-lowering agent for at least 12 weeks, and 
34 patients on a stable dose of metformin of at least 1,500 mg/d for at least 

Figure 6
Partition of glucose disposal. The stacked columns show the partition 
of total glucose disposal into glucose oxidation (GOx), nonoxidative 
glucose disposal (NOGD), and UGE during the fasting period (–180 
to 0 minutes) and the period after meal ingestion (0 to 300 minutes) 
in patients with type 2 diabetes during the baseline study, after a 
single dose (acute study), and after 28 days of empagliflozin dosing 
(chronic study). Plots represent mean ± SEM. The asterisks indicate 
statistically significant differences from baseline (exact P values are 
given in Table 5).

Figure 7
Resting energy expenditure and that after meal ingestion. Rates of 
energy expenditure during 3 hours of fasting and 5 hours after mixed 
meal ingestion in patients with type 2 diabetes during the baseline 
study, after a single dose (acute study), and after 28 days of empagli-
flozin dosing (chronic study). Plots represent mean ± SEM.
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12 weeks) were recruited into the study (Figure 1). Inclusion criteria were 
sex, age >18 years, BMI between 20 and 40 kg/m2, and HbA1c between 47.5 
and 14.1 mmol/mol (6.5%–10.5%). Exclusion criteria were history of malig-
nancy in the last 5 years, marked cardiovascular disorder within the last 6 
months, pregnancy or the expectation of conception within the study dura-
tion, bariatric surgery within the past 2 years, treatment with antiobesity 
drugs in the last 3 months, impaired renal function defined as an EGFR <60 
ml•min–1•1.73m–2, neurogenic bladder disorders, ALT and AST >3.0xULN, 
changes in thyroid hormone dosage within 6 weeks, presence of any other 
endocrine disease except type 2 diabetes, and alcohol or drug abuse.

Study design and protocol. Patients with type 2 diabetes received empagli-
flozin in an open-label design; each subject underwent 3 studies: baseline, 
acute (first single dose of 25 mg empagliflozin), and chronic (28 days of  
25 mg/d empagliflozin). Each study consisted of a 5-hour meal toler-
ance test following a 3-hour basal period combined with a double-tracer 
technique, as described previously (33). A primed-constant infusion of 
[6,6-2H2]-glucose (0.28 μmol•min–1•kg–1; prime 28 μmol•kg–1x/5), where x 
stands for fasting plasma glucose in mmol/l, was administered throughout 
the test, starting at time point –180 minutes. At time 0, subjects ingested 
(in <10 minutes) a meal consisting of 1 egg, 50 g parmesan cheese, 50 g 
white bread, and 75 g glucose in water labeled with 1.5 g [U-13C]-glucose 
(total calorie content, 710 kcal; 58% carbohydrate; 24% fat; 18% protein). 
Indirect calorimetry was performed for periods of 30 minutes at fixed 
intervals (–150 to –120 minutes and –60 to –30 minutes in the fasting 
state as well as 30 to 60 minutes, 90 to 120 minutes, 150 to 180 minutes,  

and 270 to 300 minutes after meal ingestion). Urine was collected sep-
arately during the basal period and during the meal, total volume was 
recorded for each period, and samples were immediately frozen for glucose 
and urea measurements. In both the acute and chronic study, empagli-
flozin was ingested 30 minutes before starting tracer infusion (i.e., at time  
–210 minutes). During each study, subjects drank 500 ml water at time 
–210 minutes and were allowed ad lib water thereafter.

Measurements. All measurements were performed at a central labora-
tory (Metabolism Section, Department of Clinical and Experimental 
Medicine, University of Pisa). For all analytical determinations, sam-
ples from the baseline, acute, and chronic study of each study subject 
were assayed together in order to reduce intrasubject variability. Tracer 
enrichments of 6,6-[2H2]-glucose and [U-13C]-glucose were measured 
by gas chromatography/mass spectrometry (on a Finnigan Trace GC/
DSQ, Thermo Electron Corporation) using electron impact ionization 
and selective ion monitoring at mass-to-charge ratios (m/e) 202/200 and 
205/200, respectively (33).

Plasma and urine glucose concentrations were measured by a chemical 
enzymatic method on a Synchron clinical system CX4 (Beckman Instru-
ments). Plasma insulin and C-peptide were assayed by chemilumines-
cence (on a COBAS e411 instrument, Roche). Glucagon was measured by 
radioimmunoassay, and total C-terminal amidated GLP-1 was measured 
by ELISA (Millipore Corporation). FFAs were measured by a chemical enzy-
matic method on a Synchron clinical system CX4 (Beckman Instruments).

Calculations. Glucose fluxes were expressed per kg of fat-free mass (FFM), 
which was estimated using the allometric equation of Watson et al. (34). 
Glucose clearance rate and fluxes were computed using the circulatory 
model (35); the model has been validated in rats (35) and applied in human 
studies of intravenous glucose (36, 37) or mixed meal administration (38) 
using glucose kinetic parameters derived from human studies. Briefly, from 
the known infusion rate of 6,6-[2H2] glucose and the calculated glucose 
concentration component originating from this source, glucose clearance 
was obtained from the model. Once clearance was determined, the model 
allows calculation of the glucose rate of appearance from the glucose con-
centration components. Thus, EGP (μmol•min–1kgFFM

–1) was calculated 
from the endogenous glucose component and oral glucose appearance 
(RaO; μmol•min–1kgFFM

–1) was calculated from the oral glucose component. 
The total rate of glucose appearance was obtained as the sum of EGP and 
RaO. Of note, RaO only represents the systemic appearance of ingested 
free glucose, because only this part of the ingested carbohydrate could be 
labeled. Therefore, the appearance of bread-derived glucose was imputed to 
EGP, which consequently showed (Figure 5B) a rise after the first 60 min-
utes of after meal suppression (the same meal without bread shows a more  

Figure 8
UGE. (A) Time course of UGE during the fasting period (–180 to 0 
minutes) and the period after meal ingestion (0 to 300 minutes) in 
patients with type 2 diabetes during the baseline study, after a sin-
gle dose (acute study), and after 28 days of empagliflozin dosing 
(chronic study). Data were averaged over 30-minute time intervals 
and expressed as grams per hour. Plots represent mean ± SD. (B) 
The glucose excretion data in A are plotted against the corresponding 
mean plasma glucose concentration during the corresponding periods 
of urine collection (n = 66) for the baseline study (blue lines) and the 
2 studies after dosing (n = 132); the latter were combined because 
they were fully overlapping (red lines). The blue lines are the quadratic 
polynomial fit and its 95% confidence intervals for the baseline data, 
and the red lines are the linear fit and its 95% confidence interval for 
the empagliflozin studies. The top x axis indicates HbA1c levels corre-
sponding to the mean plasma glucose concentrations on the bottom x 
axis, derived by linear correlation of the entire data set.
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proposed by Van Cauter et al. (44), in which the model parameters are 
individually adjusted to the subject’s anthropometric data. In particular, 
with regard to the insulin secretion block, the relationship between insu-
lin release and plasma glucose concentrations is modeled as the sum of 
2 components. The first component is the relationship between insulin 
secretion and glucose concentration, i.e., a dose-response function. The 
dose-response function is modulated by a time-varying factor, express-
ing a potentiation effect on insulin secretion. The mean slope of the 
dose-response function is taken to represent β cell glucose sensitivity. 
The second insulin secretion component represents a dynamic depen-
dence of insulin secretion on the rate of change of glucose concentra-
tion. This component, termed rate sensitivity, accounts for anticipation 
of insulin secretion as glucose levels rise. Total insulin secretion is the 
sum of the two components described above and was calculated every  
10 minutes for the whole 5-hour period.

Insulin MCR was calculated as the ratio of total insulin secretion (as 
reconstructed from C-peptide concentrations) to the insulin AUC for cor-
responding time intervals (45, 46).

Statistics. Data are given as mean ± SD or median and IQR for normally 
or nonnormally distributed variables, respectively. Acute and chronic treat-
ment responses were analyzed by paired t test or Wilcoxon signed-rank test, 
depending on the underlying data distribution. P values were Bonferroni 
adjusted for double comparison. A 2-tailed P value of equal to or less than 
0.05 was considered statistically significant. All analyses were carried out 
using JMP 7.0.

Study approval. The study was carried out at two sites (University of 
Pisa School of Medicine and Profil) and according to the Declaration 
of Helsinki and the International Conference on Harmonization Good 
Clinical Practice principles. The protocol was approved by the Institu-
tional Review Board at each participating site. All participants provided 
informed written consent.
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prolonged suppression of EGP, e.g., Figure 5 in ref. 20). This choice is justi-
fied as follows: (a) the meal with bread totals 710 kcal and is closer to a real 
meal; (b) the same meal was given basally, acutely, and chronically; (c) RaO 
was virtually superimposable among the 3 studies (Figure 5A), suggesting 
no difference in gastric emptying and, by extension, in the digestion of the 
bread; and (d) the presence of bread obviously does not affect fasting EGP, 
which is the condition under which the difference in EGP from baseline is 
highest (Figure 5C).

Whole-body glucose utilization (or rate of disappearance; μmol•min–1 

kgFFM
–1) was obtained as the product of clearance and total glucose con-

centration. For ease of comparison with common units of urinary glucose 
excretion (UGE), time-integrated glucose fluxes were expressed in grams.

The prehepatic insulin-to-glucagon molar concentration ratio (I/Glg) 
was estimated by the following formula: {ISR(t)/hPF + [I(t)]}/{[Glg(t)] ×  
(1 + MCRGlg/hPF)}, where ISR(t) is the insulin secretion rate at time t, hPF is 
hepatic plasma flow; [I(t)] and [Glg(t)] are the measured (peripheral) plasma 
concentrations of insulin and glucagon at time t, respectively; and MCRGlg is 
the MCR of glucagon. hPF was estimated by multiplying the cardiac index 
(3.2 l•min–1•m–2) (39) by a plasma-to-blood ratio of 0.6 and by assuming that 
hepatic blood flow is 30% of cardiac index (0.576 l•min–1•m–2) (40). MCRGlg 
was taken to be 0.537 l•min–1•m–2 (41).

Peripheral insulin sensitivity was estimated as the ratio of the average 
glucose MCR during the 5 hours after meal ingestion to the corresponding 
mean plasma insulin concentration. UGE was calculated as the product of 
urine volume and urine glucose concentration and was subtracted from 
the rate of total glucose disappearance (Rd) to obtain TGD rate. MCR 
of glucose (MCR; ml•min–1kgFFM

–1) was calculated as the ratio of TGD to 
mean plasma glucose concentration over corresponding period of time. 
Glucose oxidation rate, lipid oxidation rate, protein oxidation rate, and 
energy expenditure were obtained from indirect calorimetry measure-
ments, as previously described (42). Nonoxidative glucose disposal was 
calculated as the difference between TGD and glucose oxidation.

Areas under time-concentration curves (AUC) were calculated (by the 
trapezium rule) for the 3-hour basal fasting period and the 5-hour period 
after meal ingestion. Glucose concentration and flux AUCs were expressed 
in g/dl and g, respectively, to allow a rapid comparison with UGE, which is 
more often expressed in weight (g) rather than molar units (mmol).
β Cell function modeling. The model used to reconstruct insulin secre-

tion and its control by glucose has been previously described (43). In 
brief, the model consists of three blocks: (a) a model for fitting the 
glucose concentration profile, the purpose of which is to smooth and 
interpolate plasma glucose concentrations; (b) a model describing the 
dependence of insulin (or C-peptide) secretion on glucose concentra-
tion; and (c) a model of C-peptide kinetics, i.e., the 2-exponential model 
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