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Energy Balance After Sodium-
Glucose Cotransporter 2
Inhibition

Diabetes Care 2015,;38:1730-1735 | DOI: 10.2337/dc15-0355

OBJECTIVE

Sodium-glucose cotransporter 2 (SGLT2) inhibitors cause substantially less weight
loss than expected from the energy excreted via glycosuria. Our aim was to
analyze this phenomenon quantitatively.

RESEARCH DESIGN AND METHODS

Eighty-six patients with type 2 diabetes (HbA,. 7.8 + 0.8% [62 = 9 mmol/mol],
estimated glomerular filtration rate [eGFR] 89 = 19 mL - min™* - 1.73 m™?)
received empagliflozin (25 mg/day) for 90 weeks with frequent (n = 11) assess-
ments of body weight, eGFR, and fasting plasma glucose (FPG). Time-dependent
glucose filtration was calculated as the product of eGFR and FPG; time-dependent
glycosuria was estimated from previous direct measurements. The relation of
calorie-to-weight changes was estimated using a mathematical model of human
energy metabolism that simulates the time course of weight change for a given
change in calorie balance and calculates the corresponding energy intake changes.

RESULTS

At week 90, weight loss averaged —3.2 * 4.2 kg (corresponding to a median
calorie deficit of 51 kcal/day [interquartile range (IQR) 112]). However, the ob-
served calorie loss through glycosuria (206 kcal/day [IQR 90]) was predicted to
result in a weight loss of —11.3 * 3.1 kg, assuming no compensatory changes in
energy intake. Thus, patients lost only 29 * 41% of the weight loss predicted by
their glycosuria; the model indicated that this difference was accounted for by a
13% (IQR 12) increase in calorie intake (269 kcal/day [IQR 258]) coupled with a 2%
(IQR 5) increase in daily energy expenditure (due to diet-induced thermogenesis).
This increased calorie intake was inversely related to baseline BMI (partial r =
—0.34, P < 0.01) and positively to baseline eGFR (partial r = 0.29, P < 0.01).

CONCLUSIONS

Chronic glycosuria elicits an adaptive increase in energy intake. Combining SGLT2
inhibition with caloric restriction is expected to be associated with major weight
loss.

Glycemic control is still the mainstay of type 2 diabetes (T2DM) management, as a
level of HbA;. of 7% or below has been associated with a reduction in both micro-
vascular and macrovascular complications (1). Despite the wide range of antihyper-
glycemic drugs available, current therapeutic strategies fall short of optimal
glycemic control, especially in patients with long-standing T2DM with complications
and/or multiple cardiovascular disease risk factors (2,3). In addition, current
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therapies have limiting side effects, such
as weight gain, hypoglycemia, fluid re-
tention, and gastrointestinal side effects
(1). Thus, the search for therapeutic
agents with a new mechanism of action
continues, and several novel drugs are
on the horizon.

The role of the kidney in glucose ho-
meostasis has recently gained renewed
attention. In severely hyperglycemic pa-
tients, the kidneys play a protective role
by excreting the excess filtered glucose
load. Sodium—glucose cotransporter 2
(SGLT2), a low-affinity, high-capacity
transporter located on the brush-border
of cells in the S1-S2 segment of the prox-
imal convoluted tubule, is the most
important mediator of glucose reab-
sorption from the glomerular filtrate (4).
Several compounds acting as SGLT2 in-
hibitors have been developed, and some
of them are already available for clinical
use as oral agents (5-10). A number of
clinical trials (11-25) have shown that
blocking renal glucose reabsorption
leads to a reduction in fasting plasma
glucose (FPG) and HbA,. through a gen-
eralized relief of glucose toxicity that
does not depend on insulin action or
secretion. Furthermore, SGLT2 inhibi-
tors have proven to be generally safe
and well tolerated, and they have addi-
tional clinical benefits, such as blood
pressure reduction, due to their mild di-
uretic effect, and a decrease in body
weight, caused by the attendant chronic
calorie loss (26).

However, in virtually all clinical trials,
the observed weight loss has been con-
sistently less than expected from the
amount of urinary glucose excretion
(25,26). Therefore, our aim was to de-
scribe and quantify the effects of
SGLT2 inhibition on body weight, en-
ergy balance, and body composition in
T2DM patients on stable therapy with
empagliflozin, a highly selective SGLT2
inhibitor.

RESEARCH DESIGN AND METHODS

Patients

We analyzed data from a per-protocol
completer cohort of 86 patients with
T2DM (39 women and 47 men; age
58 *+ 9 years, BMI 29.8 = 4.5 kg/m?,
HbA;. 7.8 = 0.8% [62 = 9 mmol/mol],
mean * SD) who received empagliflozin
(25 mg/day) for 90 weeks; these pa-
tients were one arm of a phase Ilb
78-week extension study of two 12-week

Ferrannini and Associates

Table 1—Clinical characteristics at baseline and end of study

Baseline 90th week P
n (women/men) 86 (39/47) — —
Age (years) 58 =9 = =
Height (cm) 169 = 11 = =
Body weight (kg) 85.9 + 18.2 82.7 + 17.3 <0.0001
BMI (kg/m?) 29.8 * 4.5 28.7 = 4.1 <0.0001
HbA;. (%) [mmol/mol] 7.8 £ 0.8[62 *+ 9] 7.1 = 0.7 [54 = 8] <0.0001
LDL-cholesterol (mg/dL) 111 * 32 117 £ 43 NS
HDL-cholesterol (mg/dL) 48 + 11 55 + 14 <0.001
Triglycerides (mg/dL) 194 = 175 181 *+ 89 NS
eGFR (mL-min~"-1.73m™?) 89 * 19 84 * 18 0.0003
FPG (mg/dL) 169 * 41 143 = 22 <0.0001
Fat-free mass (kg) 55.3 + 12.5 54.4 + 12.4 <0.0001
Fat mass (kg) 30.6 + 10.2 28.4 +9.2 <0.0001
TDEE (kcal/day) 2,139 [693] 2,192 [652] 0.0037

Data are mean = SD or median [IQR]. #Wilcoxon signed rank test.

phase Il trials (monotherapy and add-on
to metformin) (27). Forty-six of the pa-
tients (20 women and 26 men) were
drug-naive and the other 40 patients
(19 women and 21 men) were on >1.5
g/day or maximally tolerated doses of
metformin. In each patient, body weight,
FPG, and serum creatinine concentration
were measured at timed intervals be-
tween baseline and 90 weeks (week 4,
8,12,18, 30, 42, 54, 66, 78, and 90; body
weight not recorded at weeks 4 and 8).
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Data Analysis

Estimated glomerular filtration rate
(eGFR) was calculated by the MDRD for-
mula at each time point. Filtered glucose
was calculated as the product of eGFR
and FPG. The time course of glycosuria
was calculated as the product of glucose
filtration rate and fractional glucose ex-
cretion. The latter was estimated from
the relationship between plasma glu-
cose level and fractional glucose excre-
tion derived from previous studies in
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Figure 1—Time course of FPG concentrations, eGFR, renal glucose filtration rate, and urinary
glucose excretion rate in 86 patients with T2DM treated with empagliflozin (25 mg/day) for 90

weeks. Plots are mean *= SEM.
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which glycosuria was measured directly
in T2DM patients treated with empagli-
flozin (25 mg/day) (28).

A validated mathematical model
(http://bwsimulator.niddk.nih.gov) sim-
ulating the weight loss time course for a
given change in calorie balance was
used to estimate the relation of calorie
to weight changes (29). For each patient,
the simulator used sex, age, height, esti-
mated physical activity level, and weight
at baseline as model inputs. Model out-
puts include total daily energy expendi-
ture (TDEE) and body composition (fat
mass and lean body mass) at baseline
and 90 weeks and the time course of
energy balance (intake/expenditure).
The original model was modified to in-
corporate the effect of glycosuria. The
simulator predicted the weight changes
expected for a given calorie loss caused
by glycosuria assuming no compensa-
tory changes in calorie intake. The
same mathematical model was then
used to calculate the energy intake
changes that must have taken place to
result in the observed weight change
(30). This model-based method has
recently been validated to provide
accurate calculations of energy intake
changes in free-living people during a
2-year lifestyle intervention as com-
pared with energy intake changes mea-
sured using repeated assessments of
body composition and energy expendi-
ture by doubly labeled water (31).

Statistical Analysis

Data are given as mean = SD (or median
[interquartile range (IQR)] for data with
nonnormal distribution). Group values
were compared by Mann-Whitney
U test, and paired group values were
compared by Wilcoxon signed rank
test. Treatment-related changes of con-
tinuous variables were tested by two-
way ANOVA for repeated measures
with patient group (drug naive or met-
formin treated) as a fixed effect. Multi-
variate regression analysis was carried
out by standard methods. P values
=0.05 were considered statistically
significant.

RESULTS

The clinical data at baseline and week 90
are shown in Table 1. As expected,
HbA,. improved with treatment (by
0.56 = 0.86and 0.81 = 0.93% in women
and men, respectively, P = 0.19 for the

sex difference). FPG and eGFR both
decreased significantly during the
90 weeks of treatment. Such decreases
were sharper during the first 4 weeks
and remained essentially stable thereaf-
ter; both calculated filtered glucose and
glucose excretion followed the same
time course (Fig. 1). Over the 90 weeks
of drug administration, glycosuria was
calculated to be 51 g/day (IQR 26) in
women and 52 g/day (IQR 18) in men
(P =0.57). Thus, in the whole cohort, uri-
nary energy loss averaged 206 kcal/day
(IQR 90). Neither LDL-cholesterol nor se-
rum triglycerides changed significantly,
whereas HDL-cholesterol levels were sig-
nificantly higher at week 90 compared
with baseline (Table 1).

At week 90, observed weight loss av-
eraged —3.2 * 3.6 kg (range —17.0 to
+1.3)inwomen and —3.1 = 4.6 kg (range
—16 to +5.5) in men (P = 0.99 for the sex
difference); in both groups, body weight
was stable after the initial ~24 weeks of
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treatment (Fig. 2). This weight change
was estimated to consist of one-third
fat-free mass loss and two-thirds fat
mass loss (Table 1) and was positively
related to the change in HbA,. (Supple-
mentary Fig. 1).

When accounting for glycosuria but
assuming no changes in energy intake,
the model-predicted weight loss was
much larger than was observed, averag-
ing —11.1 = 3.2 kg in women and
—11.4 £ 3.0 kg in men (P = 0.74 for the
sex difference). As depicted in Fig. 2,
observed and predicted weight loss be-
gan to diverge at ~24 weeks, when ob-
served body weight stabilized while
expected weight continued to fall.
Therefore, energy intake must have in-
creased to explain the attenuation of
weight loss. The model-calculated time
course of energy intake and expenditure
corresponding to the observed weight
changes are shown in Fig. 3: whereas
TDEE was slightly, by 31 kcal/day (IQR 91;

Men
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Figure 2—Time course of observed and predicted (by glycosuria) weight loss in men and women
with T2DM treated with empagliflozin (25 mg/day) for 90 weeks. Plots are mean = SEM.
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P = 0.03), but significantly increased
over the final 6-week period, energy
intake increased markedly, especially
after the first ~10-20 weeks of treat-
ment. Over the last 6 weeks, energy in-
take exceeded baseline energy intake
by 269 kcal/day (IQR 258). On the other
hand, if the same calorie loss had been
achieved by reduced calorie intake in-
stead of glycosuria, TDEE would have
decreased steadily over the 90 weeks,
to reach a level ~100 kcal/day below
baseline (Supplementary Fig. 2).

When searching for individual deter-
minants of the difference between
observed and expected energy expendi-
ture (or weight loss), we found that both
baseline BMI and eGFR had an indepen-
dent influence. Thus, in multivariate
analysis, the difference between ex-
pected and observed weight loss was
higher in leaner patients and in individ-
uals with a higher eGFR (Supplementary
Fig. 3).

Finally, we analyzed the difference
between patients on metformin and
drug-naive patients. Baseline clinical
characteristics (including body weight)
and treatment-induced changes in
HbA;. and FPG levels were not signifi-
cantly different between these groups
(data not shown). In contrast, observed
weight loss was significantly greater in
metformin-treated (—4.4 = 4.4 kg) than
drug-naive patients (—2.0 £ 3.6 kg),
both in men and women (P = 0.024 after
adjusting for sex and baseline body
weight).

CONCLUSIONS

The current results with empagliflozin
confirm the benefits of SGLT2 inhibition
in patients with T2DM shown in previ-
ous studies (meta-analyzed in Vasilakou
et al. [26]). In our patient cohort (rather
typical for age, BMI, and glycemic con-
trol), 90 weeks of therapy led to a signif-
icant and sustained decrease in HbA;
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Figure 3—Calculated rates of energy intake and TDEE in men and women with T2DM treated

time intervals.
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and FPG. The initial decrease in eGFR,
which averaged 4 += 10 mL - min~* -
1.73 m~ 2 and did not differ by sex or
previous treatment, is likely a hemody-
namic effect that has been observed
with other members of this class of
agents (26) and has been shown to be
fully reversible upon interrupting the
treatment (32,33).

With regard to body weight changes,
the reduction seen in these patients s in
line with the findings of virtually all trials
using SGLT2 inhibitors: a rapid decre-
ment, typically averaging 2-3 kg and
made up by roughly two-thirds of fat
tissue, which is maintained as long as
treatment is continued (Fig. 1). Using
the mathematical model, one can calcu-
late that the observed weight loss cor-
responds to a daily energy deficit of 51
kcal (IQR 112), which is much less than
the estimated daily calorie loss through
glycosuria (206 kcal [IQR 90]). Even a
conservative estimate of glycosuria
such as used here (based on fasting
rather than day-long plasma glucose
concentrations) predicts a 2.7-fold
larger weight loss (~11 kg). As previous
studies have shown that acute or
chronic (4 weeks) empagliflozin treat-
ment does not alter resting or postpran-
dial energy expenditure as measured
by indirect calorimetry (28), the dis-
crepancy between observed and ex-
pected weight loss implies that energy
intake is increased. In fact, after about
10 weeks of treatment, the model
predicts a 13% (IQR 12) increase in
energy intake, which is maintained
throughout (Fig. 3). Because an increase
in water (34) and metabolizable calorie
consumption leads to an increase in
energy usage (i.e., diet-induced ther-
mogenesis, associated with nutrient
processing and absorption [29]),
TDEE is slightly augmented (by 2%
[IQR 5]) relative to baseline. It is inter-
esting to reflect that if the same
amount of energy deficit had been
achieved with dietary restriction, en-
ergy expenditure would have de-
creased substantially (Supplementary
Fig. 2). A similar discrepancy between
expected and observed weight loss has
been reported in preliminary form by
Polidori et al. (35) using the same
model as in the current study in pa-
tients with T2DM on treatment with
canagliflozin. An increase in calorie
consumption has also been found in
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patients with malabsorption due to
Crohn disease (36).

This adaptive response to glycosuria
was accentuated in association with
lower BMI and higher eGFR (Supple-
mentary Fig. 3). Conceivably, leaner pa-
tients were less concerned about their
weight and tended to overcompensate,
and in patients with preserved renal
function, SGLT2 inhibition led to greater
urinary glucose excretion. In addition, in
patients on chronic metformin therapy,
who lost significantly more weight
than drug-naive patients, the increase
in energy intake tended to be lower
(228 kcal/day [IQR 267] vs. 291 kcal/
day [IQR 226], P = 0.07). These findings
indicate that marked, consistent energy
loss through the urine triggers an ana-
bolic response by which enhanced ap-
petite and, possibly, carbohydrate
craving partially offset glycosuria and
defend body weight (a basic phenome-
non in humans [37]). In support of this
interpretation, a study in rats treated
with dapagliflozin showed that weight
loss was four times larger when ani-
mals were pair-fed as compared with
ad libitum diet (38). Furthermore, a re-
cent study in patients with type 1 dia-
betes treated with empagliflozin for
8 weeks (39) documented an increased
consumption of carbohydrates, aver-
aging ~50 g/day, a figure very close
to the estimated increase in energy in-
take of the present cohort. Finally, the
intrinsic restraining effect of metformin
on appetite (40) likely accounts for the
observed differences in weight loss
and energy intake from our drug-naive
patients.

Further investigation is needed to
better understand the mechanisms
whereby glycosuria signals to the cen-
tral nervous system to alter appetite
regulation. From the clinical standpoint,
patients with T2DM could benefit more
from SGLT2 treatment in terms of
weight loss and glycemic control if
more stringent dietary recommenda-
tions were implemented to curb appe-
tite and overeating.
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