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Objective: To examine whether lowering the plasma glucoseentration with empagliflozin
(SGLT2 inhibitor) improves beta cell function in DE.

Resear ch Design and Methods: 15 T2DM patients received empagliflozin (25 mg/diy 2
weeks, and beta cell function was measured witte@4syperglycemic clamp (each step = +40
mg/dl) before and 48 hours and 14 days after enfjuegh.

Results: Empagliflozin caused 101+10 and 117411 grams @lucga on days 1 and 14 and
produced 2516 and 38+8 mg/dl reduction (p<0.05fath) in fasting plasma glucose,
respectively.

Empagliflozin increased the incremental area utiteplasma C-peptide concentration curve by
48+12% and 61+10% during the stepped hyperglycetammp performed 48 hours and 14 days,
respectively (both p <0.01), after the start of agiflozin. Empagliflozin also caused an
increase in the glucose infusion rate during theehglycemic clamp performed on days 3 and
14 compared to baseline by 15% and 16% (both pyxO.@8pectively. Beta cell function,
measured as the insulin secretion/insulin resist@l®/IR) index, increased by 73+21% and
112+20% (both p<0.01) 48 hours and 14 days aftestart of empagliflozin. Empagliflozin also
enhanced beta cell glucose sensitivity during §petglycemic clamp by 42% and 54% after 48
hours and 14 days, respectively (both p< 0.01).

Conclusion: Lowering the plasma glucose concentration witpagfiflozin in T2DM patients:
(1) augments beta cell glucose sensitivity andni@roves beta cell function (IS/IR index).
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this study demonstrates that inhibition of renal glucose uptake with empagliflozin improves beta cell
function measured with the gold standard technique, the hyperglycemic clamp.

INTRODUCTION

Progressive beta cell failure is the principal dacesponsible for the development and
progression of hyperglycemia in patients with tZpgiabetes mellitus (T2DM) (1-3). Multiple
factors contribute to the development of betafedllire including genetic and environmental
factors (1-3). Chronic elevation of the plasma fiaéy acid concentration markedly impairs
insulin secretion in offspring of type 2 diabetarents, i.e. lipotoxicity (4). Similarly, chronic
elevation of the plasma glucose concentration eas Ishown to impair beta cell function. i.e.
glucotoxicity (5-7). Conversely, reducing the plesglucose concentration improves insulin
secretion in botln vivo andin vitro studies in experimental animals (6,7). Lowering pfasma
glucose concentration with insulin in T2DM indivala has been shown to improve beta cell
function in humans (8-11). However, in additiordexreasing the plasma glucose concentration,
insulin has multiple other metabolic effects inghglreduction of the plasma free fatty acid
concentration which independently can improve betbfunction.
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Sodium-glucose transporter-2 (SGLT2) inhibitors areovel class of drugs which inhibit
renal glucose absorption, thereby producing glucasand decreasing the plasma glucose
concentration. We (12) previously have shown kinaering the plasma glucose concentration
with an SGLT2 inhibitor reduces the plasma glucomscentration and improves insulin-
mediated muscle glucose uptake (12). Because akeietscle does not express SGLT2, these
results indicate that the improvement in insulinsstvity caused by SGLT2 inhibition is
secondary to amelioration of glucotoxicity. In dieical studies in experimental diabetic animal
models SGLT2 inhibitors have been shown to redweefalize the plasma glucose
concentration and improve beta cell function (6cént studies using OGTT have demonstrted
that, in T2DM patients, dapagliflozin and empaglzih treatment for 2-4 weeks improves beta
cell function (14,15).

The aim of the present study is to examine thecetielowering the plasma glucose
concentration with empagliflozin on beta cell funotmeasured with the gold standard stepped
hyperglycemic clamp technique.

MATERIALSAND METHODS

Subjects.
15 T2DM subjects with HbAlc = 7.8+0.2% and fastptgsma glucose (FPG) = 195+9 mg/dI
participated in the study. Patient characteristiese: age = 55+2, 12 males/3 females, body
mass index (BMI) = 31.1+2.1 kgfrdiabetes duration = 8.2+1.6 years, and eGFR %707
mi/min e 1.73nf. Other than diabetes, subjects were in good gehesdth as determined by
medical history, physical exam, screening lab (estd EKG. Body weight was stable (£3
pounds) in all subjects for at least 3 months poatudy and no subject participated in any
excessively heavy exercise program. Diabetic stbjeere treated with metformin (n = 11),
metformin/sulfonylureas (n = 2), sulfonylurea (n=and diet (n=1). Other than these oral
antidiabetic agents, subjects were not taking aegication known to affect glucose
metabolism.

This was an open label study in which all diabstibjects were treated with empaglifiozin,
25 mg/day, and received a stepped hyperglycemioplzefore and 48 hours and 14 days after
the start of empagliflozin.
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Resear ch Design:
All studies were performed on the Clinical Resedelmter of the Texas Diabetes Institute
following an overnight fast. On days -5, -4, -2dat before initiating empagliflozin treatment,
24-hour urine collections were performed for measwant of baseline urinary glucose excretion.
On day -3, before initiating empagliflozin treatmeabaseline stepped-hyperglycemic clamp
was performed following a 10-hour overnight faSubjects reported to the Clinical Research
Center at 6AM and a catheter was placed into agcabital vein. A low dose insulin infusion
(0.1-0.2 mU/kg.min) was started to reduce the hastilasma glucose concentration to ~100
mg/dl. The insulin infusion then was discontinded20 minutes, at which time the stepped
hyperglycemic clamp (16) was performed. A secoritetar was placed into a vein on the
dorsum of the hand for blood withdrawal and thechaas placed in a thermo-regulated box
heated to 60°C to obtain arterialized blood sam@&3:30 AM (-90 minutes) subjects were
asked to void, the urine was discarded and a vohimeter equivalent to the voided volume of
urine was consumed. At time zero (9AM) subjectsl@d and a stepped hyperglycemic clamp
was performed. The plasma glucose concentratienasately raised and maintained at 40
mg/dl above the fasting level (i.e. from ~100 t® Idg/dl) for 40 minutes, and urine was
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collected from 0-40 minutes for measurement ofargirglucose excretion. From 40-80, 80-120,
120-160, 160-200, 200-240, 240-280, 280-320, aid3BD minutes the plasma glucose
concentration was acutely raised and maintaind@@t 220, 260, 300, 340, 380, 420, and 460
mg/dl, respectively, with a variable infusion off2@extrose solution. Urine was collected
during each 40 minute period and the subject coedgluan amount of water equal to the voided
urine volume to ensure spontaneous voiding. Allaisamples were analyzed for glucose.
Plasma C-peptide and glucose concentrations weasured at 2, 4, 6, 8, and 10 minutes and
every 5-10 minutes thereafter until 360 minutes.

On the day after the stepped hyperglycemic clarag g@&ro), subjects were started on
empagliflozin, 25 mg/day, which they took in thermmiag for 14 days. On day 2 (i.e., 48 hours
after the start of empagliflozin) and on day 14, stepped hyperglycemic clamp was repeated as
described above. The same insulin infusion rate@® mU/kgmin) was used to reduce the
fasting plasma glucose concentration to ~100 nuyidhg both repeat hyperglycemic clamp
studies. 24 hour urine collections for measuremégtucose excretion were obtained during
the 48 hours (i.e., days 0 and 1) after the sftaetpagliflozin and on days 12 and 13.

Analytical Techniques:
Plasma and urine glucose concentration was detedtiy glucose oxidation method (Analox,
Analox Instruments, Middlebrough, UK). Plasma C4mgpand insulin concentrations (Linco
Research, St Louis, MO) were determined by radicimoassay.

Calculations and Statistical Analyses:

Since the increment in plasma glucose concentr&tié@ mg/dl every 40 minutes) was the same
in all subjects, insulin secretion during each stkfhe hyperglycemic clamp was calculated as
the incremental area under the plasma C-peptidestdration during that step. Tissue glucose
uptake during each step was calculated as the gguaéusion rate during the last 20 minutes of
each hyperglycemic step minus urinary glucose ¢xereluring the same time period. Under the
combined effects of hyperinsulinemia plus hypergipe, we previously have shown that
endogenous glucose production is completely/neampbtetely suppressed (17). Insulin
sensitivity index during the hyperglycemic clampsvealculated as the glucose infusion rate
(minus urinary glucose excretion) at each stepdetiby the plasma insulin concentration. Beta
cell function was calculated as the insulin seorgéinsulin resistance (disposition) index:
product ofAC-Pego-3s0 minyand insulin sensitivity index. Beta cell glucosasitivity was
calculated as the slope of the line relating C-plepgecretion and the plasma glucose
concentration during each hyperglycemic clamp step.

Values are expressed as mean = SEM. C-peptidetgagrbeta cell function, glucose
infusion rate and beta cell glucose sensitivitydag 2 (i.e., 48 hours after the start of
empagliflozin) and on day 14 were compared to lr@selith paired t-test. Statistical
significance was set at p<0.05.

To determine independent factors related to theeas® in insulin secretioAC-pep-ses0),
we created a multivariate linear regression modtd WC-pep.3s0as the dependent variable and
age, BMI, diabetes duration, HbAlc, baseline FR&reiment in FPG, and improvement in
insulin sensitivity (glucose infusion rate minugnary glucose excretion) as independent
variables.

The study protocol was approved by the InstituldReview Board of University of
Texas Health Science Center in San Antonio, Terdsadl subjects gave written informed
voluntary consent prior to participation.
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RESULTS

Before the start of empagliflozin, urinary gluc@seretion (mean of four determinations prior to
empagliflozin) was 20+£3 grams/24 hours, rose tol35and 97+10 grams/day (p<0.0001 vs
baseline) on days 0 and 1 post-empagliflozin anthreed elevated (117+11grams/day) on day
13. The fasting plasma glucose concentration (neédndeterminations performed on days -5, -
4, -2, -1 prior to the start of empagliflozin) wB85+9 mg/dl and decreased to 169+11 mghdl (

= 25+6) and to 165+7 mg/dh\E29+6) at 24 hours and 48 hours after starting efiffezin

(both P<0.001). The FPG decreased to 15A+8 88+8) mg/dl on day 14 (p= 0.0005). The
fasting plasma C-peptide concentration declineghdlly, but not significantly, during
empagliflozin treatment from 3.5+0.3 ng/ml at baseto 3.2+0.3, 3.2+0.3, and 3.2+0.3 ng/ml at
24 hours, 48 hours, and 14 days after the stanpfagliflozin.

Plasma Glucose and C-Peptide Concentration
The increment in plasma glucose concentratiomdugach of the three hyperglycemic
clamp studies was similar (Figure 1).

C-peptide Secretion

Figure 2 depicts the plasma C-peptide concentralivimg the hyperglycemic clamp performed
at baseline and on day 2 (i.e., 48 hours aftesti#ue of empagliflozin) and on day 14. C-peptide
concentration increased significantly on day 2rdfigiation of empagliflozin therapy and the
increase persisted on day 14. The incrementaluar@er the plasma C-peptide concentration
curve AC-Pepo-360) during the baseline hyperglycemic clamp was 28ghnl+h and increased
to 32 £7 and 37+8 ng/mleh on day 2 and on day (@2 and <0.005, respectively) (Figure 3).
The incremental area under the plasma C-peptideetration curve during the first 10 minutes
of the hyperglycemic clamp (which represents fitsase insulin secretion) was not altered by
empagliflozin (0.61+0.36, 0.21+0.35 (p=0.30) an2tD.44 (p=0.10) at baseline, day 2 and day
14 respectively).

Beta Cell Function

Tissue glucose uptake (measured as the mean gludos®n rate (minus urinary glucose
excretion) during the hyperglycemic clamp was 3322 mg/kg.min and increased by 14% and
19% (to 3.84+0.44 and 4.01+0.43) on day 2 and gnldarespectively (p<0.05) (Figure 3).
However, when divided by the mean plasma insulimceatration during the hyperglycemic
clamp, tissue glucose uptake was not statistisagjgificant. Beta cell function, measured with
the insulin secretion/insulin resistance (dispositindex, increased by 73+20% and 106£20%
on days 2 and 14, respectively (from 88+23 at lasébd 155+46 and 187+58 on days 2 and 14,
both p <0.01) (Figure 3).

Beta Cell Glucose Sensitivity

The slope of the line relating the area under thempa C-peptide concentration curve and the
plasma glucose concentration at each step of therglycemic clamp represents beta cell
glucose sensitivity. During the baseline hypergigmeclamp, the slope was 0.024+0.005 ng/ml
per mg/dl. Empagliflozin caused a 42% (to 0.03880) and 54% (to 0.037+0.007) increase in
beta cell glucose sensitivity on day 2 (i.e., 48rsaafter the start of empagliflozin) and on day
14, respectively (both p<0.05) (Figure 4).

Relationship Between the Increase in Beta Cell Function and Decrease in FPG Concentration
The incrementX) in plasma C-Peptide concentration during the hglgeemic clamp and the
insulin secretion/insulin resistance (IS/IR) indsongly correlated with the decrease in FPG
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concentration on day 2 and day 14 (r=0.60 and @e&bectively, P=0.01) (Figure 2B). No
significant relationship was observed between #wehse in FPG concentration and the
increase in glucose infusion rate during the hylyeggnic clamp. In a multivariate linear
regression model, only the decrease in FPG wag#isant predictor of the increase At-
pep.ssoat 14 days with standardized beta = 0.862, p=0.008 ’=0.65

DISCUSSION

The present study assessed the acute (48 hoursheordc (14 days) effect of SGLT2 inhibition
on beta cell function in type 2 diabetic patiemtd arovides two novel findings. First, it
documents for the first time in man, using the galthdard hyperglycemic clamp, a marked
increase in beta cell sensitivity to glucose follogva reduction in the plasma glucose
concentration. Second, it delineates the rapich@l8s) time-related effect of reversal of
glucotoxicity on beta cell function.

Progressive beta cell failure is the principal dacesponsible for the development and
progression of hyperglycemia (1,18-20). Thus, themwhich improve/halt beta cell failure
should be effective in producing a durable reductiioHbAlc. Although several antidiabetic
classes (e.g. sulfonylureas, glinides, incretinigzolidinediones) augment insulin secretion
only the GLP-1 receptor agonists (21) and thiazoéidiones (22,23) improve beta cell function
on a long term basis. DPP4 inhibitors improve imssécretion, but their effect on the beta cell
is weak [24] and, not surprisingly, they do notgwoe a durable reduction in HbAlc (25-27).

SGLT2 inhibitors lower the plasma glucose conceiutnavia a mechanism which is
independent of insulin secretion and insulin act®yinhibiting renal glucose reabsorption, they
cause glucosuria, leading to a decline in fastimdj@ostprandial plasma glucose concentration.
Despite the lack of a direct effect on the bet§ peéclinical studies in animal models of
diabetes have demonstrated improved beta cellibmsecondary to reduction of the plasma
glucose concentration and amelioration of glucatibxi(6). Using mathematical modeling, both
canagliflozin (28) and empagliflozin (15) have bastown to improve beta cell function during
the OGTT in T2DM patients. Ipragliflozin also haselm shown to improve insulin secretion
indices during the OGTT in T2DM patients (29), anelhave shown an improvement in the
insulin secretion/insulin resistance index during ©OGTT in a small group of T2DM patients
treated with dapagliflozin (14). No previous stuths employed the hyperglycemic clamp to
guantitate insulin secretion acutely (48 hours) nade chronically (14 day) following treatment
with an SGLT2 inhibitor. In the present study, wepboyed the gold standard hyperglycemic
clamp technique to quantitate beta cell functiot d@monstrated that a modest decrease in
fasting plasma glucose concentration for as l@fel8 hours after the initiation of empagliflozin
therapy resulted in a robust increase in betafwedtion. A 29 mg/dl decrement (48 hours after
the start of empagliflozin) and 38 mg/dl decrem@#dtdays of the start of empagliflozin) in FPG
resulted in a 43% and 74% increase, respectivel@-peptide secretion during the
hyperglycemic clamp; beta cell function (insulirciggion/insulin resistance index) increased by
73% and 106%, respectively. Remarkably, the imprearg in C-peptide secretion observed
with empagliflozin was evident 48 hours after steythe SGLT2 inhibitor, indicating that the
beneficial effect of reversal of glucotoxicity orta cell function is rapid in onset. Insulin
secretion and insulin sensitivity are inverselatetl (30). We previously have shown that
lowering the FPG concentration with an SGLT2 intabin T2DM subjects improves insulin
sensitivity. If anything, this would be expected¢duce C-peptide secretion. Thus, the increase
in C-peptide secretion observed in the presenystadsed by empagliflozin represents a

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

=
L
W
-
L
-
S
—
oC
<
LL
O
Z
<
>
Q
<

=NDOGIN=
SOCIETY

ed from https://acadeni c. oup. comlj cenl advance-articl e-abstract/doi/10.1210/jc.2017- 01838/ 4801231
B Medi cal University user
uary 2018




The Journal of Clinical Endocrinology & Metabolis@ppyright 2018 DOI: 10.1210/jc.2017-01838

primary effect on the beta cell, most likely secanydto reversal of glucotoxicity, and not a
secondary effect due to change in insulin sensitivDne other factor that could explain the
improvement in beta cell function relates to theaslsation that glucose lowering improves the
effect of incretins on insulin secretion (31). dugh not examined in the present study, this
possibility is worthy of exploration in future sted.

Although SGLT2 inhibitors do not exert a directeeff on the beta cell, we (13) and others
(15) have demonstrated that this class of drugssaitiels metabolism, causing a reduction in
whole body glucose oxidation and a reciprocal iaseein lipid oxidation. If the increase in lipid
oxidation were to occur in the beta cell, this cblelad to a decrease in beta cell lipid content and
reversal of lipotoxicity (32). During the hypergbmic clamp, empagliflozin caused a modest
increase in glucose infusion rate, which was rgrni§cant when divided by plasma insulin
concentration. We (13) and others (15) have shizvanglucosuria produced by SGLT2
inhibition stimulates a compensatory increase @r#die hepatic glucose production. Because the
total body rate of glucose appearance was not medsvth labeled glucose in the present
study, we could not quantitate the residual rateepfatic glucose production during the
hyperglycemic clamp. Therefore, it is not posstbleeach any definitive conclusion about the
effect of empagliflozin on insulin sensitivity ihé present study.

In summary, lowering the plasma glucose concewptnatiith empagliflozin causes a robust
increase in beta cell function in T2DM patientsisléffect of empagliflozin is rapid in onset and
lasts for the entire treatment period (14 days).
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Figure 1. Plasma glucose concentrations during the thrpergfycemic clamp studies
performed at baseline, on day 2 and on day 14 tiféestart of empagliflozin therapy.

Figure 2. [A] Plasma C-peptide response during the stepyeédrglycemic clamp performed at
baseline and on day 3 and day 14 after the stamnplagliflozin therapy. [B] Correlation
between the decrease in the fasting plasma glums=entration versus the log of the ratio of
the plasma C-peptide response (AUC) after 14 dagmpagliflozin to the plasma C-peptide
response (AUC) at baseline. AUC = area under tineecu

Figure 3. [A] Incremental AUC for the plasma C-peptide respmat baseline and on day 3 and
day 14 after the start of empagliflozin treatm@B}.Glucose infusion rate (GIR) at baseline and
on day 3 and day 14 after the start of empaglifiogC] The insulin secretion/insulin resistance
(IS/IR) index at baseline and on day 3 and dayftet the start of empagliflozin treatment. (p <
0.05 for both)
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Figure 4. Slope of the line relating the increment in plastapeptide concentration and the
increment in plasma glucose concentration duriegstepped hyperglycemic clamp.
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