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Aim: To investigate the effect of lowering the plasma glucose and free fatty acid concentrations
with dapagliflozin and acipimox, respectively, on insulin sensitivity and insulin secretion in T2DM
individuals.

Methods: 14 male T2DM patients received an OGTT and euglycemic hyperinsulinemic clamp at
baseline and were treated for three weeks with dapagliflozin (10 mg per day). During week 3,
acipimox (250 mg four times per day) treatment was added to dapagliflozin. The OGTT and insulin
clamp were repeated at the end of weeks 2 and 3.

Results: Dapagliflozin cause glucosuria and significantly lowered the plasma glucose concentra-
tion (by 35 mg/dl, P<0.01) while the fasting plasma FFA concentration was unaffected. Acipimox
caused a further decrease in the fasting plasma glucose concentration (by 20 mg/dl, P<0.01) and
a significant decrease in the fasting plasma FFA concentration. Compared to baseline, insulin-
mediated glucose disposal increased significantly at week 2 (from 4.48+0.50 to 5.30+0.50 mg/
kgmin, p<0.05). However, insulin-mediated glucose disposal at week 3 (after the addition of
acipimox) did not differ significantly from that at week 2. Glucose-stimulated insulin secretion at
week 2 increased significantly compared to baseline and it increased further and significantly at
week 3 compared to week 2.
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Conclusion: Lowering the plasma glucose concentration with dapagliflozin improves both insulin
sensitivity and beta cell function, while lowering plasma FFA concentration by addition of acipimox
to dapagliflozin improves beta cell function without significantly affecting insulin sensitivity.

EARLY RELEASE

ENDOCRINE M
SOCETY

eta cell dysfunction and insulin resistance are the core
B pathophysiologic defects responsible for the devel-
opment of type 2 diabetes mellitus (T2DM) (1). The eti-
ology of both insulin resistance and beta cell dysfunction
is complex and involves genetic and environmental factors
(2). Although genetic background contributes to the de-
velopment of both insulin resistance and beta cell dysfunc-
tion, environmental factors also play an important role in
the development of both conditions (2). It is well estab-
lished that increased plasma free fatty acid concentration
and ectopic lipid deposition play a central role in the
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pathogenesis of insulin resistance and beta cell dysfunc-
tion, ie, lipotoxicity (3). Chronic physiological increase in
the plasma FFA concentration, eg, from 400 to 800 uM,
decreases insulin-stimulated glucose disposal by ~25% in
lean healthy normal glucose tolerant (NGT) individuals
(4) and impairs beta cell function in genetically predis-
posed individuals, ie, the offspring of two diabetic indi-
viduals (5). Conversely, lowering the plasma FFA concen-
tration with acipimox increases insulin sensitivity in
T2DM individuals (6—8) and improves beta cell function
in NGT (9) and T2DM (10) individuals.

Abbreviations:
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2 Lipo-gluco-toxicity and insulin sensitivity

Chronic elevation in plasma glucose concentration also
exerts a detrimental effect on both insulin sensitivity and
insulin secretion, ie, glucotoxicity (11). We (12) and others
(13) have demonstrated that a small persistent increase in
plasma glucose concentration impairs both insulin-medi-
ated nonoxidative glucose disposal and glucose-stimu-
lated insulin secretion (14). Conversely, lowering the
plasma glucose concentration in T2DM individuals im-
proves both insulin sensitivity and beta cell function (15).
The aim of the present study was to examine the effect of
lowering both the plasma FFA concentration, with acipi-
mox, and the plasma glucose concentration, with dapa-
gliflozin, on insulin sensitivity and beta cell function in

T2DM individuals.

RESEARCH DESIGN AND METHODS

Subjects

14 T2DM males (age = 50 = 2 years; BMI = 32.7 £ 1.6
kg/m?*; HbAlc = 8.5 * 0.3%; FPG = 186 + 9 mg/dl;
eGFR = 89 * 6 ml/min.1.73m?; diabetes duration =
6.3 = 1.9 years) treated with metformin (n = 9) or met-
formin plus sulfonylurea (n = 5) participated in the study.
Inclusion criteria included HbAlc = 7.0-10.0%, BMI =
24-40, eGFR = 60 ml/min.1.73m?, age = 1870 years.
Other than diabetes, subjects were in general good health
as determined by medical history, physical examination,
screening lab tests, urinalysis and EKG. Table 1 summa-
rizes the clinical characteristics of the study participants.
Body weight was stable (=3 pounds) in all subjects for =
3 months prior to study and no subject participated in any
excessively heavy exercise program. No subjects were tak-
ing any medications known to affect glucose metabolism
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other than metformin and sulfonylurea. The study proto-
col was approved by the IRB of the UTHSCSA and all
subjects gave their written voluntary consent prior to
participation.

Research design

After screening, eligible subjects received: (i) 2-hour
75-g oral glucose tolerance test (OGTT) and (ii) 4-hour
hyperinsulinemic euglycemic clamp with 3-*H-glucose to
quantitate whole body insulin-mediated glucose disposal
and endogenous glucose production (EGP). After com-
pleting the baseline studies, subjects received dapagliflozin
(10 mg/d), an inhibitor of renal sodium glucose cotrans-
porter 2 (SGLT2), for 22 days (from day 1 to 22). From
days 15 to 22 subjects also received acipimox (250 mg,
every 6 hours), an inhibitor of lipolysis, while continuing
to take dapagliflozin. On days 13 and 14, and on days 21
and 22, the OGTT and insulin clamp were repeated.

Oral Glucose Tolerance Test (OGTT)

A 75-g OGTT was performed after a 10-12 hour over-
night fast. Baseline blood samples for determination of
plasma glucose, FFA, insulin and C-peptide concentra-
tions were drawn at —30,-15, and 0 minutes. At time zero,
subjects ingested 75 g of glucose in 300 ml of orange-
flavored water, and plasma glucose, FFA, C-peptide and
insulin concentrations were measured every 15 minutes
for 2 hours.

Euglycemic Insulin Clamp
Subjects remained fasting after 10 PM on the night
prior to study. At 6 AM on the following morning a cath-

Table 1. Metabolic characteristics of the diabetic subjects

Dapagliflozin

Baseline Dapagliflozin plus Acipimox ANOVA
Weight (kg) 100.4 = 4.9 993+ 4.9 99.4 + 49 NS
FPG (mg/dl) 186 =9 151 =8 131 =5 <0.001
2-h PG (mg/dl) 342 = 16 269 + 16 239 £ 13 <0.0001
Fasting C-peptide (ng/ml) 41 +04 43 +05 49+ 05 NS
2-h C-Peptide (ng/ml) 87=*x1.0 9.7 =09 11.0x1.2 0.08
FPI (uU/ml) 92=*+19 11124 85*+19 NS
2 h Plasma insulin (uU/ml) 32.2+69 33+ 4.8 31+7 NS
Fasting FFA (mmol/liter) 0.52 = 0.04 0.51 = 0.04 0.36 = 0.05 <0.05
bHGP (mg/kg ® min) 2.02 £ 0.10 2.40 £ 0.10 2.53 £ 0.15 <0.05
TGD (mg/kg @ min) 4.48 = 0.50 5.30 = 0.50 551 *+0.34 <0.05
SSPI (uU/ml) 109 = 5 107 =7 103 =5 NS
TGD/SSPI X 100 431 = 0.61 5.07 = 0.58 5.43 = 0.61 <0.05
AGqy 4,0 (mg/dl.h) 251 + 12 199 * 16 200 + 12 <0.001
Alg_150 (nU/ml.h) 33*+9 35*+6 397 NS
AC-Pepg_150 (Ng/ml.h) 56 = 1.1 6.78 £ 1.0 88=*13 0.02
AC-Pepg_150/AGq_120 0.019 + 0.005 0.04 + 0.005 0.05 + 0.007 0.002
AC-Pepgy_150/AGy_120+ IR 0.09 = 0.01 0.18 = 0.03 0.22 £ 0.03 0.001

FPG = fasting plasma glucose; FPI = fasting plasma insulin; bHGP = basal rate of hepatic glucose production; TGD = total body glucose disposal
rate; SSPI = steady state plasma insulin concentration; IR = insulin resistance
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eter was placed into an antecubital vein for the infusion of
all test substances. A second catheter was inserted retro-
gradely into a vein on the dorsum of the hand, and the
hand was placed into a thermoregulated box heated to
70°C. At 6 AM, a prime (25 uCi)-continuous (0.25 nCi/
min) infusion of 3-°H-glucose (DuPont NEN Life Science
Products, Boston, MA) was started and continued for 7
hours. After a 3-hour basal tracer equilibration period (9
AM), subjects received a prime-continuous (80 mU/
m?min) insulin infusion for 240 minutes. During the last
30 minutes of the basal equilibration period, plasma sam-
ples were taken at 5—~10 minute intervals for determination
of plasma glucose and insulin concentrations and tritiated
glucose radioactivity. During the insulin infusion, plasma
glucose concentration was measured every 5 minutes. Af-
ter the start of insulin no glucose was infused until the
plasma glucose concentration declined to 100 mg/dl, at
which level it was maintained by the adjustment of a vari-
able glucose infusion. The plasma glucose concentration
was maintained at ~100 mg/dl with a coefficient of vari-
ation < 5%. Plasma samples were collected every 15-30
minutes from 0 to 180 minutes after the start of insulin and
every 5-10 minutes from 180 to 240 minutes for the de-
termination of plasma glucose and insulin concentrations
and tritiated glucose specific activity. Urine was collected
from 0-240 minutes and urinary volume and glucose con-
centration were measured. Urinary glucose loss was sub-
tracted from the total rate of glucose disposal to determine
insulin-mediated tissue glucose uptake.

Analytical Techniques:

Plasma glucose was measured by the glucose oxidase
reaction (Glucose Oxidase Analyzer, Analox, Fullerton,
CA). Plasma FFA was measured spectrophotometrically
(Wako, Neuss, Germany). Plasma insulin, C-peptide, and
glucagon concentrations were measured by radioimmu-
noassay (RIA) (Linco Research, St. Louis, MO). Plasma
3->H-glucose radioactivity was measured in Somogyi
precipitates.

Calculations and Statistical Analysis

Under steady-state postabsorptive conditions, the basal
rate of endogenous (primarily reflects hepatic) glucose ap-
pearance (Ra) equals the 3-*H-glucose infusion rate di-
vided by steady state plasma tritiated glucose specific ac-
tivity. After drug administration and during the insulin
clamp, nonsteady conditions for 3-*H-glucose specific ac-
tivity prevail and the rate of glucose appearance (R,) was
calculated with Steele’s equation. The rate of residual en-
dogenous (primarily reflects hepatic) glucose production
(HGP) during the insulin clamp was calculated by sub-
tracting the exogenous glucose infusion rate from the trac-
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er-derived R,. The insulin-stimulated rate of total body
glucose disposal (TGD) during the last hour of the insulin
clamp (180-240 minutes) was calculated by adding the
rate of residual HGP to the exogenous glucose infusion
rate. The rate of tissue glucose uptake was calculated by
subtracting the rate of urinary glucose excretion during
the insulin clamp from the TGD rate. Hepatic insulin re-
sistance was calculated as the product of the basal rate of
HPG and the fasting plasma insulin concentration (16).

Insulin secretory rate (ISR) during the OGTT was cal-
culated by deconvolution of the plasma C-peptide con-
centration curve (17), and the ratio between the incremen-
tal area under the plasma insulin secretory rate and
incremental area under the plasma glucose concentration
was calculated as previously described (18). B-cell glucose
sensitivity, rate sensitivity, and the potentiation factor
were calculated with the Mari model (17, 19). This model
expresses glucose-stimulated insulin secretion (in pmol
! 'm™) as the sum of two components: (i) the first
component represents the dependence of insulin secretion
on the absolute plasma glucose concentration at any time
point during the OGTT and is characterized by a dose-
response function relating the two variables, the dose re-
sponse slope being B-cell glucose sensitivity. The dose re-
sponse is modulated by a potentiation factor that
encompasses several glucose-dependent and glucose-inde-
pendent potentiating mechanisms (eg, prolonged expo-
sure to hyperglycemia, nonglucose substrates, gastroin-
(GI) hormones, modulation,
molecular/biochemical/enzymatic changes within the
B-cell). The second component represents the dependence
of insulin secretion on the rate of change of plasma glu-
cose, ie, the first derivative of plasma glucose concentra-
tion against time, and this parameter represents rate sen-
sitivity. Rate sensitivity accounts for the observation that
rapid changes in glucose concentration enhance insulin
secretion more than changes
concentration.

The incremental area under the plasma glucose and
C-peptide concentration curves during the OGTT were
calculated according to the trapezoid rule. Because both
dapagliflozin and acipimox affect whole body insulin sen-
sitivity, insulin secretion was related to the prevailing level
of insulin resistance by calculating the insulin secretion/
insulin resistance (IR) index, AC-Pepy_;,0/AGy_120 ~ IR
(17, 18), to derive an index of beta cell function.

Values are expressed as mean = SEM. The means at
baseline and during dapagliflozin and dapagliflozin plus
acipimox treatment were compared with ANOVA. Rates
of TGD and EGP after dapagliflozin were compared to
those before the start of dapagliflozin with paired # test.
Statistical significance was set at alpha < 0.05.

min’
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slower in glucose
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4 Lipo-gluco-toxicity and insulin sensitivity

Results

Treatment with dapagliflozin produced glucosuria which
amounted to 78 g per 24 hours on mean and the glucosuria
was maintained for 3 weeks. The induction of glucosuria
with dapagliflozin caused a 35 mg/dl decrease in the fast-
ing plasma glucose concentration (from 186 = 9to 151 =
8 mg/dl at week 2, P < .01). Two weeks of dapagliflozin
treatment did not affect the fasting plasma FFA concen-
tration (0.52 = 0.04 vs 0.51 = 0.03 mM). Addition of
acipimox to dapagliflozin caused a significant further de-
crease in the fasting plasma glucose concentration by 20
mg/dl (P = .01) and decreased the fasting plasma FFA
concentration by 0.15 mM (P < .05 for both, Table 1).

Figure 1 depicts the plasma glucose concentration dur-
ing the OGTT at baseline, at week 2 (treatment with da-
pagliflzoin) and at week 3 (treatment with dapagliflozin
plus acipimox). Dapagliflozin significantly reduced both
the 2-hour plasma glucose concentration and the incre-
mental area under the plasma glucose concentration curve
(AG(_120) during the OGTT. Acipimox caused a signifi-
cant reduction in both the FPG concentration (from 151 =
8 to 131 = 5, P < .01) and the 2-hour plasma glucose
concentration (269 = 16 to 239 * 13 mg/dl, P = .03)
(Table 2).

The fasting plasma insulin concentration was 10 * 2
uU/ml and it slightly decreased with dapagliflozin treat-
ment (8 * 1 uU/ml, P = .07). After dapagliflozin plus
acipimox treatment, there was a small insignificant de-
crease in the plasma insulin concentration (7 = 1 mU/ml).
The fasting plasma glucagon concentration was 125 *+ 8
pg/ml at baseline and it significantly increased to 156 = 11
pg/ml during dapagliflozin treatment (P = .01). There was
an additional small nonsignificant increase in plasma glu-
cagon concentration (169 + 13, P = .002 vs baseline and
p=NS vs treatment with dapagliflozin) during treatment
with dapagliflozin plus acipimox. Thus, the ratio of
plasma glucagon to insulin concentrations was 14 *+ 4 at

= 400‘
o ¥
= Baseline
£ Dapagliflozin
o 300
73
o
o
=
(&)
2 4
g 0g Dapaglifiozin
Q plus Acipimox
2 100

0 30 60 20 120

Time (min)

J Clin Endocrinol Metab

baseline and it rose to 23 * § and 26 * 4 during dapa-
gliflozin and dapagliflozin plus acipimox, respectively.

Insulin Sensitivity. Consistent with previous studies from
our lab (15), dapagliflozin treatment caused a significant
increase in the basal rate of endogenous (hepatic) glucose
production (bHGP) (from 2.02 *= 0.10 mg/kgmin to

2.40 = 0.11 at week 2, P < .01). Following the addition
of acipimox there was no significant change in bHGP at
week 3 (2.53 = 0.15, p=NS vs week 2). However, the
basal rate of HGP remained significantly greater com-
pared to baseline. Despite the increase in the basal rate of
HGP with dapagliflozin, there was no significant change
in the hepatic insulin resistance index (Table 1). The rate
of total body insulin-stimulated glucose disposal increased
significantly after dapagliflozin treatment by 17% (P <
.05). Surprisingly, the addition of acipimox to dapagli-
flozin did not cause any further increase in the rate of
insulin-stimulated total body glucose disposal (Table 1).

Insulin Secretion. Despite the decrease in FPG concentra-
tion caused by dapagliflozin, the basal insulin secretory
rate increased slightly. Thus, the ratio between the basal
insulin secretory rate and the fasting plasma glucose con-
centration significantly increased following dapagliflozin
treatment (18 = 2to 25 * 3, P < .05). The ratio between
basal ISR and the fasting plasma glucose concentration
was not further affected by the addition of acipimox to
dapagliflozin (Table 2).

Dapagliflozin caused a significant decrease in the in-
cremental area under the plasma glucose concentration
curve during the OGTT (AG,_;,0) and a significant in-
crease in the total insulin output during the OGTT. Thus,
the ratio between total insulin output and AG,_;5, in-
creased markedly following 2 weeks of dapagliflozin treat-
ment (P < .01) (Table 2). Dapagliflozin also caused a
significant increase in beta cell glucose sensitivity (Figure

-
N

Dapagliflozin
plus Acipimox

©

Dapagliflozin

Plasma C-Peptide (ng/ml)

6_
Baseline
3L . . . i
0 30 60 90 120
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Figure 1. Plasma glucose (left) and C-peptide (right) concentrations during the OGTT performed at baseline, following dapagliflozin treatment for
two weeks, and following combined dapagliflozin/acipimox treatment for one week.
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Table 2. Effect of dapagliflozin and dapagliflozin plus
acipimox on insulin secretion parameters
Dapagliflozin
Baseline Dapagliflozin +Acipmox ANOVA
FPG (mg/ 186 =9 151 + 8* 131 + 5% <0.0001
dl)
Basal ISR 173 =19 202 = 20 206 = 21 NS
b-ISR/FPG 18 + 2 25 =37 28 + 3% <0.05
Rate 209 =70 327 =97 339 = 132 NS
sensitivity
(pmol/
m?) e
(mmol/
liter)
Glucose 235 35 = 5% 48 + 8** <0.01
sensitivity
(pmolemin/m?)
[}
(mmol/
liter)
ISR at 134 =17 194 = 23% 223 + 21*%  <0.05
135
mg/d|
ISR at 191 £ 27 279 = 31* 339 = 34**  <0.01
180
mag/dl
Total IS 42 £ 5 49 £ 5 58 + 6% <0.05
0-120
(pmol)
TotallS/ 2.6 =04 3.7=x04% 46+ 05* <0.01
mean
PG

FPG = fasting plasma glucose; IS = insulin secretion
+P < 0.05 vs. baseline

#P < 0.01 vs. baseline

*P < 0.0001 vs. baseline

$P < 0.05 vs. dapagliflozin

3). Addition of acipimox to dapagliflozin had no signifi-

TGD/SSPI

Dapagliflozin

Baseline Dapagliflozin
Plus Acipimox

Figure 2. Insulin-mediated whole body tissue glucose during the
euglycemic insulin clamp performed at baseline, following
dapagliflozin treatment for two weeks, and following combined
dapagliflozin/acipimox treatment for one week.
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cant effect on AG,_y,, but it caused a significant increase
in total ISR during the OGTT. Thus, acipimox treatment
produced a significant increase in the ratio between total
insulin output and AG,,_;,, during the OGTT. Acipimox
also caused a significant increase in beta cell glucose sen-
sitivity (P < .05) (Figure 3). Beta cell glucose sensitivity
strongly and inversely correlated with the fasting and
mean plasma glucose concentrations during the OGTT
following both dapagliflozin (r = 0.60, P < .0001) and
combined acipimox/dapagliflozin (r = 0.68, P < .0001)
treatnents (Figure 3b).

Because both dapagliflozin and acipimox have been
shown to alter insulin sensitivity, it is necessary to relate
insulin secretion to the prevailing level of insulin resis-
tance. The insulin secretion/insulin resistance index (AC-
Pepy_120/AG(_120+IR) increased 2-fold following dapa-
gliflozin treatment (0.09 = 0.01t0 0.18 = 0.03, P <.001)
and addition of acipimox to dapagliflozin caused a further
22% increase in AC-Pepy_150/AGy_120+IR (0.18 £ 0.03
to 0.22 £ 0.03, P < .0S5)

® 1000
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=
> g 7501
S
e £
5 £ 500
) g apa
o
S — 250
g Baseline
0 ; : , :
5 10 15 20 25
Plasma Glucose Concentration (mM)
@ Baseline
2,57 r=0.60 o B
2 p<0.001
P @)
5= 2.0f
‘n € Oovvo. e © v
§ £ 1.5 i
® o
S E
é’ g 1.0f
(O]
0.5, 6 8 10 12

Fasting Plasma Glucose (mM)

Figure 3. Beta cell glucose sensitivity (top panel) during the OGTT
performed at baseline, following dapagliflozin treatment for two
weeks, and following combined dapagliflozin/acipimox treatment for
one week. Correlation between beta cell glucose sensitivity and fasting
plasma glucose concentration on the day of the OGTT at baseline and
following dapagliflozin and combined dapagliflozin/acipimox
treatment (bottom panel).
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6 Lipo-gluco-toxicity and insulin sensitivity

Discussion

The results of the present study demonstrate that lowering
the plasma glucose concentration with dapagliflozin im-
proves both core defects, ie, insulin resistance and beta cell
dysfunction, in T2DM. A decrease of 35 mg/dl in the fast-
ing plasma glucose concentration was associated with a
17% increase in total body insulin-stimulated glucose dis-
posal. Because the primary effect of dapagliflozin is to
inhibit SGLT2 in the kidney and produce glucosuria (20),
the increase in insulin-stimulated glucose disposal can be
attributed to the decrease in plasma glucose concentra-
tion. Consistent with this, dapagliflozin caused no signif-
icant change in the fasting plasma free fatty acid concen-
tration. Previous studies have documented a glucotoxic
effect of chronic hyperglycemia to impair insulin action in
muscle in experimental animals and in man (15, 21-27).
The results of the present study are consistent with these
prior observations and extend them by demonstrating that
chronic elevation of the plasma glucose concentration has
a differential effect on insulin resistance in skeletal muscle
vsliver. Thus, despite a 17% improvement in insulin-stim-
ulated total body glucose disposal following dapagliflozin
treatment, reduction in the plasma glucose concentration
had no significant effect on the hepatic insulin resistance
index in diabetic individuals. The improvement in periph-
eral tissue insulin sensitivity following dapagliflozin treat-
ment underscores the importance of improving glycemic
control in T2DM patients.

Treatment with dapagliflozin alone and with dapagli-
flozin plus acipimox resulted in a significant decrease in
the plasma glucose concentration and a paradoxical in-
crease in the basal rate of HGP. Because of the strong
correlation between bHGP and the fasting plasma glucose
concentration, this finding may appear paradoxical. One
possible explanation is that dapagliflozin treatment in-
creased the basal rate of glucose clearance. Indeed, glucose
clearance (measured as bHGP/FPG) increased signifi-
cantly during the treatment period. However, because da-
pagliflozin increased urinary glucose loss, tissue glucose
clearance (after subtraction of urinary glucose loss) was
not significantly altered by dapagliflozin treatment, either
with or without acipimox.

The present results also provide evidence for a gluco-
toxic effect of chronic hyperglycemia on beta cell function.
Reduction of the plasma glucose concentration from 186
to151 mg/dl with dapagliflozin was associated with a dou-
bling of the insulin secretion/insulin resistance index (AC-
Pepg_120/AGy_120+1IR). Because SGLT2 transporters are
not present in beta cells, because the primary effect of
dapagliflzoin is on the kidney to produce glucosuria and
lower the plasma glucose concentration, and because the

J Clin Endocrinol Metab

plasma FFA concentration did not change following da-
pagliflozin treatment, it is plausible to conclude that the
beneficial effect of lowering the plasma glucose concen-
tration resulted from the amelioration of glucotoxicity.
Dapagliflozin improved total body insulin sensitivity and
reduced the incremental area under the plasma glucose
concentration curve during the OGTT. Both of these ac-
tions of dapagliflozin would be anticipated to decrease the
absolute amount of insulin secreted during the OGTT. In
contrast, total insulin output during the OGTT signifi-
cantly increased following dapagliflozin treatment, em-
phasizing the powerful effect of reducing the plasma glu-
cose concentration to augment beta cell function. The
increase in total insulin output during the OGTT was
strongly related to the increase in beta cell glucose sensi-
tivity (r = 0.80, P < .0001) which, in turn, strongly cor-
related with the decline in both fasting plasma glucose
concentration (r = 0.60, P < .0001) and mean plasma
glucose concentration during the OGTT (r = 0.68, P <
.0001). These findings provide strong support for an im-
portant pathophysiologic role for glucotoxicity in the de-
velopment of beta cell failure in T2DM.

Acipimox is a powerful inhibitor of lipolysis, leading to
a reduction in plasma FFA concentration (6—8) and has
been shown to improve tissue sensitivity to insulin and
beta cell function in T2DM individuals (6 —8). These find-
ings have been interpreted as evidence for a role of elevated
plasma FFA in the development of insulin resistance, ie,
lipotoxicity. However, in all previous studies, as well as in
the present study, acipimox also lowered the plasma glu-
cose concentration. Thus, removal of the detrimental ef-
fect of chronic elevation in plasma glucose concentration
on insulin sensitivity and beta cell function could have
contributed to the effect of acipimox to ameliorate insulin
resistance and improve beta cell dysfunction. In the pres-
ent study, acipimox lowered the plasma FFA concentra-
tion and, when added to dapagliflozin, it caused a further
decrease in the plasma glucose concentration. Impor-
tantly, it caused an additional improvement in beta cell
function beyond that caused by dapagliflozin alone. It is
noteworthy that, while acipimox caused a small increase
in both the fasting and 2-hour plasma C-peptide concen-
trations during the OGTT and a large increase in ACpep
(0-120), it caused a small decrease in both the fasting and
the 2-hour plasma insulin concentrations and a much
smaller increase in Al 5_;,(). This could be explained by
the increase in plasma insulin clearance, although the in-
crease did not reach statistical significance. This observa-
tion underscores the importance of measuring C-peptide
in the assessment of beta cell function.

Surprisingly, acipimox failed to cause a further im-
provement in insulin sensitivity when added to dapagli-
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flozin in T2DM individuals. Although the plasma FFA
concentration did not change following dapagliflozin
therapy, previous studies have reported an increase in lipid
oxidation following SGLT2 inhibition without any
change in plasma FFA concentration (16). Thus, it is pos-
sible that the intramyocelluar concentration of toxic lipid
metabolites declined with dapagliflozin treatment. This
could explain why acipimox, when added to dapagli-
flozin, failed to further increase insulin-stimulated glucose
disposal (29). It also is possible that the primary mecha-
nism by which acipimox improves insulin sensitivity is via
a reduction in plasma glucose concentration and that the
decrease in plasma FFA concentration makes only a minor
contribution to the improvement in insulin sensitivity. Pre-
vious studies with the euglycemic hyperinsulinemic clamp
(32) have documented that axipimox treatment improves
whole body insulin sensitivity, independent of the change
in plasma FFA concentration. Thus, it is possible that the
reduction in plasma glucose concentration with acipimox,
not the decrease in plasma FFA concentration, is the major
mechanism by which acipimox improves whole body in-
sulin sensitivity. If this scenario is correct, then improve-
ment of glucotoxicity by dapagliflozin prior to acipimox
treatment could explain the lack of significant increase in
insulin sensitivity by acipimox.

Consistent with previous results (15, 16), dapagliflozin
treatment was associated with a significant increase in the
basal rate of EGP which correlated with the increase in
plasma glucagon concentration. The increase in plasma
glucagon can be explained, at least in part, by inhibition of
the SGLT2 transporter in the alpha cell (30).

There are several limitations of the present study. First,
the present study included only males. Therefore, extrap-
olation of the results to females should be done with cau-
tion. A second limitation is the lack of a placebo-treated
group for the addition of acipimox. Although changes in
diet, physical activity or body weight could have affected
the results, body weight did not change significantly and,
by history, the participants did not change their dietary
intake or daily physical activity regimen. It also is possible
that the improvement in beta cell function observed with
acipimox treatment was due to longer exposure to dapa-
gliflozin (2 weeks vs 3 weeks), and not due to acipimox.
This is an unlikely scenario, because a recent study (16)
which assessed the effect of SGLT?2 inhibition on beta cell
function reported a similar beneficial effect of SGLT2 in-
hibition with empagliflozin on beta cell function on day 1
vs week 4 after the start of the drug. Lastly, it would be of
interest to examine whether the beneficial effects of da-
pagliflozin and acipimox persist with longer duration of
therapy.

In summary, induction of glucosuria and resultant de-
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cline in plasma glucose concentration with dapagliflozin
markedly enhanced beta cell function (AI/AG =+ IR) and
beta cell sensitivity to glucose (Mari model). Addition of
acipimox to dapagliflozin further improved beta cell func-
tion (insulin secretion/insulin resistance index) and beta
cell sensitivity to glucose, emphasizing the importance of
correcting both the disturbances in glucose and FFA me-
tabolism in the restoration of beta cell function in poorly
controlled type 2 diabetic patients. The strong association
between the decrease in plasma glucose concentration and
increase in beta cell sensitivity to glucose emphasizes the
important and deleterious effect of glucotoxicity in the
etiology of beta cell failure in T2DM. Thus, hyperglycemia
is, not only a manifestation of the diabetic state and re-
sponsible for the microvascular complications, but also a
self-perpetuating cause of the diabetic condition.
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