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Abstract

Aims: Insulin resistance and impaired insulin secretion are cardinal defects that contribute to
hyperglycemia in type 2 diabetes. Recently, a new class of drugs called sodium-glucose
linked transporter 2 (SGLT2) inhibitors has been introduced that reduce blood glucose by
inhibiting glucose reabsorption in the kidney and is not dependent on glucose metabolism or
insulin action. The purpose of the present study was to determine whether the excretion of
glucose would improve insulin resistance, impaired insulin secretion or both. Materials and
Methods: Appropriate methods were used to assess insulin sensitivity
(euglycemic/hyperinsulinemic clamp) and insulin secretion (hyperglycemic clamp) in insulin
resistant and hyperglycemic PEPCK transgenic rats following treatment with the SGLT2
inhibitor dapagliflozin. Results: In 14-week old animals with hyperglycemia, insulin
resistance and glucose intolerance, 6 weeks dapagliflozin treatment resulted in lower weight
gain, plasma glucose and insulin levels, improved glucose tolerance associated with enhanced
insulin sensitivity (Rate of glucose disappearance: 51.6 2.3 vs 110.6 £+ 3.9 umol/min/kg,
P<0.005) and glucose uptake in muscle (0.9 0.1 vs 1.7 = 0.3 umol/min/100 g, P<0.05) and
fat (0.23 £ 0.04 vs 0.55 = 0.10 pmol/min/100 g, P<0.05). Additionally, adipose tissue
GLUT4 protein levels were increased (0.78 = 0.05 vs 1.20 £ 0.09 arbitrary units, P<0.05),
adipocyte number was higher (221.4 + 17.7 vs 302.3 + 21.7 per mm? fat area, P<0.05) and
size reduced (4631.8 + 351.5 vs 3397.6 + 229.4 um?, P<0.05). However, there was no
improvement in insulin secretion. To determine whether earlier intervention is necessary, 5
week-old PEPCK transgenic rats were treated with dapagliflozin for 9 weeks and insulin
secretion assessed. Dapagliflozin resulted in improved plasma glucose and insulin levels,
lower weight gain but again insulin secretion was not improved. Conclusions: In this
transgenic model of low-grade chronic hyperglycemia, SGLT2 inhibitor treatment resulted in
reduced blood glucose and insulin levels and enhanced glucose tolerance associated with

improved muscle and fat insulin resistance but not improved insulin secretory function.
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Introduction

Type 2 diabetes is characterized by hyperglycemia caused by insulin resistance and islet [3-
cell dysfunction (1). Management of the disease is therefore targeted at improving insulin
resistance and insulin secretion (2). In the last 25 years there has been a significant increase
in the number of therapeutic classes for the treatment of type 2 diabetes (3). This means that
treatment algorithms can now offer individualization of care for the person with diabetes in

the pursuit of better glycemic control (4).

A new class of agents used in type 2 diabetes is the sodium-glucose linked transporter 2
(SGLT2) inhibitor. SGLT2 inhibitors reduce plasma glucose levels by inhibiting the re-
absorption of glucose in the S1 segment of the proximal tubule in the kidney, resulting in
glucose being excreted in the urine (5-7). Thus, unlike other drug classes (e.g. metformin,
sulfonylureas, thiazolidinedione, incretins), SGLT2 inhibitors act independently of insulin or
glucose metabolism thus offering a different mode of action that is not tissue specific (8).
More importantly, by removing the excess glucose from the circulation, SGLT2 inhibitors

have the potential of improving glycemic control by preventing glucose toxicity.

Glucose toxicity, as result of persistently high plasma glucose levels, is a mechanism that can
impair islet $-cell function as well as cause insulin resistance in liver and muscle/fat. We
have generated a rat model overexpressing the gluconeogenic enzyme phosphoenolpyruvate
carboxykinase (PEPCK) in liver and kidney, which results in hyperglycemia, glucose
intolerance, muscle and fat insulin resistance as well as a defective insulin secretion (9-11).
Therefore the PEPCK transgenic rat is an excellent model of glucose toxicity-induced
impairments in insulin action and secretion. In addition, we have previously shown that high
glucose exposure of susceptible islets can result in reduced glucose-mediated insulin

secretion and this was improved with anti-oxidant treatment (12, 13).

Given the deleterious effects of glucose toxicity, it makes sense that SGLT2 inhibitor agents
that reduce glycemia by causing the excess glucose to be excreted in the urine may also have
beneficial effects on insulin resistance and impaired insulin secretion. Clinical studies have
suggested that short-term SGLT?2 inhibitor treatment of patients with type 2 diabetes can
indeed improve both insulin resistance and insulin secretion (14-16). Preclinical studies have
also suggested that use of SGLT2 inhibitors can improve B-cell function, insulin sensitivity
and glucose tolerance (17-20). However, these studies have not used suitable models of

glucose toxicity to conclusively shown that the use of SGLT2 inhibitors improve both insulin
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resistance and insulin secretion defects, and whether the effect on the islet B-cell is indirect

by enhancing insulin sensitivity in diabetes.

The purpose of the present study was to use the PEPCK transgenic rat as an appropriate
model of glucose toxicity-induced impairments in insulin action and secretion to determine
whether SGLT?2 inhibition can improve insulin resistance or f3-cell dysfunction, respectively.
Our data suggest that the SGLT2 inhibitor dapagliflozin selectively improves insulin
sensitivity and not -cell function. Furthermore, dapagliflozin-treated PEPCK transgenic rat
displayed an increase in adipose tissue glucose uptake and GLUT4 protein levels as well as

reduced adipocyte size and increased adipocyte number.
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RESEARCH DESIGN AND METHODS

Animals

PEPCK transgenic rats were generated on the PVG/c background as previously described
(11). The control used in this study was the age-matched non-transgenic PVG/c strain.
Studies were performed in male rats housed in a temperature- and humidity-controlled
environment with 12 h light/dark cycle, and water and standard laboratory chow ad libitum
(w/w: 74% carbohydrate, 20% protein and 3% fat - Ridley AgriProducts Pakenham, VIC,
Australia). All studies were performed with n=4-6 animals per group. The SGLT2 inhibitor,
dapagliflozin, was administered in drinking water at a final concentration of 60 mg/L from 5
weeks of age for 9 weeks (intervention study), and from 14 weeks of age for 6 weeks
(treatment study). The drug solution was freshly prepared and changed at least three times
per week. The vehicle treated group was provided with drinking water not containing the
drug. All animal care and procedures were conducted according to the protocols and
guidelines approved by the Austin Health Animal Ethics Committee. Body weight and food

intake were assessed weekly (10).

Hyperglycemic clamp

The hyperglycemic clamp was conducted as previously described (21). Following a 6 hour
fast (0600hrs—1200hrs), a bolus of glucose (375 mg/kg body weight) was injected
intravenously to initially raise blood glucose levels. Blood glucose concentrations were
monitored every 5 min using a hand-held glucose meter and maintained between 15-17
mmol/L by infusion of a glucose solution. Plasma samples were collected every 20 min for

insulin determination.

Basal turnover and hyperinsulinemic-euglycemic clamp

Glucose turnover was assessed in 6-hour fasted rats as previously described (9, 10). An initial
2 min priming dose of radio-labelled glucose tracer [6-°H]-glucose at a rate of 100 pBg/min
followed by a constant infusion of tracer at a rate of 5.5 pBg/min in 0.9% saline was
administered during basal and hyperinsulinemic-euglycemic clamp experiments to measure
whole-body glucose turnover. During the clamp experiments, following an initial priming
dose, insulin was infused at a constant rate at either 6 mU/kg/min in control and PEPCK
transgenic rats treated with dapagliflozin or 4 mU/kg/min in PEPCK transgenic rats to
produce similar plasma insulin concentrations in the three groups. Blood glucose was

monitored every 5 min for adjustment of the glucose infusion rate. Blood samples were
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collected during steady state conditions at 90, 100 and 110 min. Under steady state
conditions, the rate of glucose appearance equals the rate of glucose disappearance. The rate
of glucose appearance (R,) was calculated by dividing the infusion rate of [6-°H]-glucose
(dpm/min) by the plasma [6-3H]-glucose specific activity. The rate of endogenous glucose
production (EGP) was determined as the difference between total R, and the rate of

exogenously infused glucose.

Measurement of glucose uptake into peripheral tissues

Following collection of the last sample in the clamp, a bolus of [1-"*C]-2-deoxy-glucose (370
uBq) was infused and blood collected at 2, 5, 10, 15, 30 and 45 min. Immediately following
the last blood sample at 45 min, rats were sacrificed by sodium pentobarbitone overdose and
tissues including white quadriceps, red gastrocnemius and epididymal adipose tissue were
removed and stored at -80 °C for subsequent analysis. The rate of glucose uptake (Rg’) into
individual tissues was calculated as previously described (9, 10). Adipose tissue weights
were removed and weighed. Subcutaneous adipose tissue was dissected by peeling back the
skin from the leg revealing the dorsal adipose tissue. Infrarenal (perinephric) adipose tissue
was dissected from below the kidney and epididymal adipose tissue was dissected along the

epididymis and testis.

Intraperitoneal glucose tolerance test
Intraperitoneal glucose tolerance tests were carried out after an overnight fast (22).
Following basal glucose, insulin and ? -hydroxybutyrate measurements (0 min), a bolus of

glucose (1 g/kg body weight) was injected and blood taken at 15, 30, 45, 60 and 120 min.

Analysis of glucose, insulin and 2 -hydroxybutyrate concentrations

The presence of glucose in the urine was determined by using Diastix glucose test strips
(Bayer, Leverkusen, Germany). Blood glucose concentrations were measured on an Accu-
Check Performa glucose meter. Plasma glucose concentrations were determined using a
GM7 Analox glucose analyser (Helena Laboratories, Mount Waverley, Victoria, Australia).
Plasma insulin concentrations were determined by a commercially available
radioimmunoassay kit specific for rodent insulin (Merck Millipore, Temecula, CA, USA).
Blood ?-hydroxybutyrate concentrations were measured on a Medisense Optium glucose

meter.
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Islet isolation

Islets were isolated by intraductal collagenase IX (Sigma-Aldrich, Castle Hill NSW
Australia) perfusion, histopaque-1077 gradient (Sigma-Aldrich) purification and hand
picking (13, 23).

Immunohistochemistry

Pancreata were isolated, fixed with 10% buffered formalin and embedded in paraffin (24).
Histological sections of 5 pm were stained for insulin using a guinea pig anti-porcine insulin
antibody diluted 1:100 and counterstained with an anti-guinea pig conjugated horseradish
peroxidase  secondary antibody and treated with 3,3’-diamonobenzidine (DAB) for
visualisation. Whole slide sections were line scanned at 40X magnification using an Aperio
ScanScope XT (Aperio Technologies, Vista, CA, USA). Digital images were analysed using

the Aperio image software, ImageScope version 12.0.

Morphological analysis of adipose tissue
Epididymal WAT was fixed in 10% buffered formalin and embedded in paraffin.
Histological sections of 4 pm were stained with hematoxylin and eosin as previously

described (24).

Gene expression studies

Total RNA was extracted from liver and islets (at least 100) using the TRIzol method
(Invitrogen, Mount Waverley, VIC, Australia). Total RNA (1 pg for liver and 4 pg for islets)
was reverse transcribed using the Promega Reverse Transcription System with random
primers (Promega Madison WI USA) and any contaminating DNA removed by treatment
with DNasel (RNase-free; Ambion, Mount Waverley, VIC, Australia). Real-Time PCR was
conducted in a ViiA 7 Real-Time PCR thermocycler system and analysed using the ABI ViiA
7 version 1.2 software. The relative mRNA transcript level of Accl (Rn00573474_m1), Acc?2
(Rn00588290_m1), Cptia (Rn00580702_ml), G6pc (Rn00689876_ml), Pckl
(Rn01529014_m1), Glut2  (Rn00563565_ml), Gck  (Rn00561265_ml),  Surl
(Rn01476317_ml) and Kir6.2 (Rn01764077_s1) were measured using pre-developed rat
TagMan Gene Expression Assays (Applied Biosystems, Scoresby, VIC, Australia) as
previously described (23), normalised to the mRNA transcript level of /8S and reported as

fold change. The comparative Ct ( ” Ct) method was used for relative quantification.
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Western blotting

Total protein lysates of red gastrocnemius and epididymal fat were separated by SDS-PAGE
as previously described (25), transferred to PVDF membranes, and blocked in 5% milk in
TBS-T before incubation with primary antibodies overnight at 4 °C. The primary antibodies
for GLUT4 (ab48547, Abcam, Melbourne, VIC, Australia) and HSP90 used as the control
(AC88, Abcam, Melbourne, VIC, Australia) were diluted 1:2,500 in 5% milk. Densitometry

was quantified using Fuji film Multi Gauge software.

Statistical analysis

All data are presented as mean + SEM. Statistical significance between two groups was
assessed using a two-tailed, unpaired Student’s t-test with equal variances. In three groups,
statistical significance was assessed using a one-way ANOVA with Tukey’s multiple
comparison post hoc test. Incremental area under the curve was calculated using the

trapezoid rule. A P<0.05 was considered significant.
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RESULTS

Creating a glucose sink reduces adiposity and improves glucose metabolism in obese
and glucose intolerant PEPCK transgenic rats

In order to determine whether removing glucose from the body using dapagliflozin can
improve glucose homeostasis, 14 week-old PEPCK transgenic rats that are obese,
hyperglycemic, hyperinsulinemic and glucose intolerant were treated with dapagliflozin for 6
weeks. There were no differences in the starting body weights between PEPCK transgenic
rat groups treated with vehicle or dapagliflozin (327.7 = 7.8 g vs. 354.7 + 12.7 g, n=4-6,
P=0.34). However, both PEPCK transgenic rat groups were heavier than control rats (244.5
+ 6.5 g, P<0.0001). Administration of dapagliflozin over the 6 week treatment period
reduced body weight gain (Fig 1A) and adiposity levels (Fig 1C) in the PEPCK transgenic rat
when compared with the vehicle treated group. Interestingly, dapagliflozin treatment of
PEPCK transgenic rats resulted in higher food intake (Fig 1B). Treatment with dapagliflozin
also resulted in a significant increase in wet kidney weight compared with vehicle treated and
lean control rats respectively (Fig 1D). Fluid intake was significantly increased in PEPCK
transgenic rats treated with dapagliflozin compared with vehicle (62.9 + 2.8 vs 28.9 = 1.3
ml/day n=4 P<0.001).

Fasted blood glucose and plasma insulin concentrations were lower in the PEPCK transgenic
rats treated with dapagliflozin compared with vehicle treated (Fig 1E&F). As expected the
PEPCK transgenic vehicle treated group displayed glucose intolerance and this was improved
by dapagliflozin treatment (Fig 1G). In addition, blood ketone bodies (as assessed by -
hydroxybutyrate) were reduced in the PEPCK transgenic vehicle treated group compared
with control and this was increased with dapagliflozin treatment of the transgenic rats (Fig
1H). Expression of hepatic genes in the gluconeogenic and fatty acid oxidation pathways
showed no difference between PEPCK transgenic dapagliflozin treated and vehicle groups

(Fig 11).

Dapagliflozin treatment improved peripheral insulin resistance in PEPCK transgenic
rats

To determine whether insulin resistance was improved in PEPCK transgenic rats following
dapagliflozin treatment, euglycemic-hyperinsulinemic clamps were performed (Table 1 and

Fig 2). There were no differences in plasma glucose and insulin levels during the
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hyperinsulinemic clamp (Table 1). Glucose infusion rate and rate of glucose disappearance
(Rg) were reduced in PEPCK transgenic vehicle treated rats and this was normalized with
dapagliflozin treatment (Fig 2A&B). Endogenous glucose production (EGP) was higher in
the PEPCK transgenic vehicle treated group and this was not altered with dapagliflozin
treatment (Fig 2C). Muscle and fat tissue specific glucose uptake was reduced in the PEPCK
transgenic-vehicle treated group and this was improved with dapagliflozin treatment (Fig
2D). Muscle GLUT4 levels were not different among the 3 groups of rats (Fig 2E).
However, adipose tissue GLUT4 levels were decreased in PEPCK transgenic vehicle treated
rats compared with control and this was increased with dapagliflozin treatment (Fig 2F).
Further investigation of the adipose tissue showed that adipocyte size was larger (Fig 2G&H)
and adipocyte number (Fig 2I) was lower in the PEPCK transgenic vehicle treated group
compared with control and both these parameters were improved with dapagliflozin

treatment.

Dapagliflozin prevents increased weight gain and adiposity and improved glucose
metabolism

The above data suggest that treating older PEPCK transgenic rats with established defects in
glucose metabolism improved insulin resistance but not the impairment in insulin secretion.
To determine whether early intervention would lead to improved B-cell function, 5-week-old
PEPCK transgenic rats were treated with vehicle or dapagliflozin for 9 weeks. There were no
differences in the starting body weights between PEPCK transgenic rat groups treated with
vehicle or dapagliflozin (109.4 + 3.9 g vs. 121.0 = 4.8 g, n=4-6). However, the starting body
weight was lower in the control rat group compared with both PEPCK groups (93.4 + 3.8;
P<005 vs PEPCK+vehicle, P<0.01 vs PEPCK+dapagliflozin). Body weight gain and
adiposity was higher in the PEPCK transgenic vehicle rats compared with control and this
was normalized with dapagliflozin treatment (Fig 3A&C). Average food intake was higher in
the PEPCK transgenic vehicle treated rats compared with control and this was further
increased in the dapagliflozin treated group (Fig 3B). Kidney wet weight was also higher in
the PEPCK transgenic dapagliflozin treated group compared with vehicle treatment (Fig 3D).
At 14 weeks of age fasting blood glucose and insulin levels were higher in the PEPCK
transgenic vehicle treated group compared with control and these were reduced with
dapagliflozin treatment (Fig 3E&F). Glucose tolerance was impaired in the PEPCK

transgenic vehicle treated group compared with control and this was normalized with
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dapagliflozin treatment (Fig 3G). Interestingly, as with the older rats, blood ketone levels
were reduced in PEPCK transgenic vehicle treated rats compared with control and this was

increased with dapagliflozin treatment (Fig 3H).

Dapagliflozin does not improve PB-cell dysfunction in glucose intolerant PEPCK
transgenic rats

To assess B-cell function following dapagliflozin treatment we performed hyperglycemic
clamps and the data are shown in Fig 4. The glucose infusion rate was lower in the PEPCK
transgenic vehicle treated group indicative of insulin resistance (Fig 4A). Blood glucose
levels were similarly clamped at around 16 mM in all 3 groups (Fig 4B). Plasma insulin
levels were lower in the PEPCK transgenic vehicle compared to control, indicative of B-cell
dysfunction (Fig 4C). Importantly, dapagliflozin treatment did not improve insulin secretion
in the PEPCK transgenic rat (Fig 4C). Islet size tended to be higher (Fig 4D&E) and B-cell
mass tended to be lower (Fig 4G) in both PEPCK transgenic groups compared with control.
Interestingly the number of islets per pancreas area was lower in the PEPCK transgenic

groups compared with control (Fig 4F).

Early treatment of dapagliflozin does not improve B-cell function in PEPCK transgenic
rats

Hyperglycemic clamps were performed in 14 week old rats following 9 weeks of treatment to
determine whether early intervention with dapagliflozin can prevent the development of 3-
cell dysfunction (Fig 5). The glucose infusion rate to maintain blood glucose levels at 16
mM was lower in the PEPCK transgenic vehicle treated rats indicative of insulin resistance
(Fig SA&B). Insulin secretion was reduced in the PEPCK transgenic vehicle treated group
compared with control (Fig 5C). Of importance, PEPCK transgenic rats treated with
dapagliflozin from 5 weeks of age did not show improved insulin secretory function
compared with control rats and indeed their response tended slightly lower than the PEPCK
vehicle treated group (Fig 5C).

Islet size was larger in the PEPCK vehicle treated compared with control and treatment with
dapagliflozin reduced this parameter (Fig SD&E). Islet number and -cell mass was lower in

both PEPCK groups compared with control rats (Fig SF&G).
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DISCUSSION

In this study we sought to determine whether treatment with the SGLT2 inhibitor
dapagliflozin could improve insulin resistance or insulin secretion (or both) in a transgenic rat
model overexpressing the gluconeogenic enzyme phosphoenolpyruvate carboxykinase in the
liver and kidney (11). As a result PEPCK transgenic rats are characterised by primary chronic
low-grade hyperglycemia which in turn is associated with muscle and fat insulin resistance
and impaired insulin secretion (9, 10). Our results clearly show that when initiated following
established hyperglycemia, hyperinsulinemia, insulin resistance and impaired insulin
secretion, dapagliflozin caused reduced plasma glucose and insulin levels as a result of
improved insulin resistance, increased muscle and fat glucose uptake and GLUT4 protein
levels as well as reduced adipocyte size and increased adipocyte number, but not increased
insulin secretion. Indeed using the hyperglycemic clamp, we found that insulin secretion was
not improved whether dapagliflozin was administered in adult PEPCK transgenic rats with
established dysglycemia or in young animals when defects in insulin release are not evident

(10).

Studies in humans have shown that SGLT2 inhibitor treatment of patients with type 2
diabetes improved both insulin resistance (14, 16) and insulin secretion as assessed by a meal
tolerance test (14). This is despite increases in plasma glucagon and endogenous glucose
production. In fact, Ferrannini and colleagues showed that there was increased -cell glucose
sensitivity - that is, for any given plasma glucose level, the patients treated with the SGLT2
inhibitor empagliflozin secreted more insulin compared with baseline (14). In support of this,
a study in patients with type 2 diabetes with inadequate glycemic control using dapagliflozin
for 12 weeks compared with placebo on usual care showed a significant improvement in
glucose disposal during a euglycemic-hyperinsulinemic clamp and a non-significant
improvement in acute insulin secretion following an intravenous glucose tolerance test (26).
These studies support the use of SGLT2 inhibitors in the management of hyperglycemia in
type 2 diabetes by predominantly improving insulin resistance and possibly insulin secretion.
However studies in appropriate animal models are required to further explore the mechanism

of SGLT2 inhibitor improvements in glucose metabolism.

Previous studies in preclinical models of diabetes have shown that SGLT2 inhibition can lead
to improved glycemia, glucose tolerance, insulin resistance and improved B-cell function and
mass. Specifically treatment of C57BL/Ks-db/db mice with BI-38335 resulted in improved

glucose tolerance, insulin resistance and glucose-mediated insulin secretion in isolated islets
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(27). Similarly, high fat-fed and streptozotocin-induced diabetic mice treated with
dapagliflozin or impragliflozin showed improved glucose tolerance, insulin resistance and
islet insulin secretion, with a significant increase in pancreatic insulin content (18, 20). The
effect of the SGLT2 inhibitor on glycemic control was further enhanced when combined with
other anti-diabetic medications (18, 20, 27). Whether the improved insulin secretory function

is due to-a reduction in hyperglycemia or improved insulin resistance is not clear.

Treatment of Zucker Diabetic Fatty (ZDF) rats with SGLT?2 inhibitors resulted in improved
glycemia, glucose tolerance and higher plasma insulin levels associated with increased islet
and B-cell mass (17, 28) as well as suppressed endogenous glucose production with no
difference in rate of glucose disappearance or muscle and white adipose tissue-specific
glucose uptake during a hyperinsulinemic clamp (29, 30). This is in contrast to our study in
the PEPCK transgenic rats which clearly showed a significant improvement in the rate of
glucose disposal and increased glucose uptake specifically in muscle and white adipose tissue
associated with higher GLUT4 protein levels. It is not clear why we were able to see an
improvement in muscle and adipose tissue insulin resistance in the PEPCK transgenic rat in
contrast to the ZDF rat studies above. It may well be that glucose toxicity is the primary
cause of insulin resistance in the PEPCK transgenic rat, which is ameliorated with SGLT2
inhibition while there may be other contributory factors in the ZDF rat including lipotoxicity
(31, 32) (weight was not reduced with dapagliflozin treatment (29, 30)) and inflammation
(33, 34). Finally, while endogenous glucose production was increased in PEPCK transgenic
compared with control rats, this was not reduced with dapagliflozin treatment. This is
contrary to the studies with the ZDF rat and SGLT2 inhibitors, which showed suppression of
endogenous glucose production (28, 29) during a euglycemic-hyperinsulinemic clamp,
associated with liver glucokinase activation (30). It is important to note in this context that in
our model, the PEPCK transgene is driven by a promoter that does not respond to the
suppressive effects of insulin (11), thus we were not expecting to see a substantial reduction
in endogenous glucose production with the plasma insulin levels achieved during the

hyperinsulinemic clamp (Table 1) as we have previously shown (9).

It was surprising that insulin secretory function as assessed by the hyperglycemic clamp was
not improved in the treatment group and was not protected in the intervention group in our
study. Indeed, islet area and -cell mass were not different and if anything trended lower in
dapagliflozin compared with vehicle treated PEPCK transgenic rats. Of interest is that

PEPCK transgenic rats have fewer islets from 5 weeks of age compared with control rats and

13
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it may hence be more difficult to show an improvement in insulin secretory function with
interventions such as dapagliflozin treatment. Glucose toxicity has been shown to be an
important mechanism causing B-cell dysfunction (35) and treatments that improve
hyperglycemia have been suggested to be beneficial to impairments in insulin secretion in
type 2 diabetes (2). Indeed, we have shown that chronic high glucose treatment of islets can
impair insulin secretory function via generation of advanced glycation end products and
oxidative stress (12, 13). Furthermore as discussed above, improved [-cell insulin sensitivity
was shown in patients with type 2 diabetes treated with empagliflozin (14). Interestingly, a
study using the hyperglycemic clamp in ZDF rats treated with dapagliflozin showed reduced
plasma insulin and C-peptide levels and no effect on B-cell mass compared with the vehicle
treated group (36), which support the findings of our present study. However, they did show
that the disposition index, which takes into account the prevailing insulin resistance state, was
improved in the ZDF rats treated with dapagliflozin (36). Moreover, in a study using
C57BL/Ks-db/db mice that were crossed to SGLT2 whole body knockout mice, insulin
secretion was improved in vivo but not in vitro using isolated islets in static or perifusion
experiments and this was associated with an increase in 3-cell volume (37). Therefore, while
there may not have been a direct increase in insulin secretory capacity with SGLT2 inhibitor
treatment, improvements in glycemia and insulin sensitivity would lessen the burden and

provide an islet 3-cell sparing effect.

A number of clinical and animal studies in type 2 diabetes have shown that SGLT2 inhibitor
treatment leads to weight loss, which stabilises despite continued glucose/energy loss in the
urine (5, 18, 38-41). In fact, a recent study in overweight patients with type 2 diabetes
showed that SGLT?2 inhibitor treatment resulted in a 3 kg weight loss rather than 11 kg that
was predicted by calculating the urinary energy loss (42). Furthermore this study suggested
an increase in energy intake as a possible mechanism for this disparity in the predicted and
actual weight loss (42). Indeed studies in diet-induced obese rats treated with dapagliflozin
showed a modest decrease in weight loss attenuated by an increase in energy intake despite
an increase in plasma B-hydroxybutyrate levels (41). These observations corroborate the
results in our study showing reduced weight gain and adiposity in the PEPCK transgenic rats
treated with dapagliflozin but higher food intake and blood B-hydroxybutyrate levels. An
increase in ketone levels have been associated with reduced appetite in obese individuals (43,
44) and in transgenic mice with a reduced body weight phenotype (45). The reason for

increased energy intake in response to SGLT2 inhibition-induced glycosuria is not clear.
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There is obviously a sensing mechanism that is activated with glycosuria that results in
increased energy intake, which is worth investigating further as greater weight loss would
lead to even further improvements in blood glucose and lipid levels and blood pressure in

type 2 diabetes.

In conclusion, we showed that treatment of the hyperglycaemic, hyperinsulinaemic and
glucose intolerant PEPCK transgenic rat with the SGLT2 inhibitor dapagliflozin resulted
reduced blood glucose and insulin levels and enhanced glucose tolerance associated with
improved muscle and fat insulin resistance. However, insulin secretory function was not
affected in this transgenic model of chronic low-grade hyperglycemia. Understanding the
mechanism by which dapagliflozin exerts its effect will inform us of the most appropriate
combinations of medications to use in type 2 diabetes to result in the most effective and

durable reductions in blood glucose levels.
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FIGURE LEGENDS

Figure 1:

(A) Body weight gain and (B) average food intake over the 6 week treatment period in
control, PEPCK transgenic and PEPCK transgenic rats treated with dapagliflozin. (C) WAT
weight, (D) wet kidney weight, overnight fasted (E) blood glucose levels, (F) plasma insulin
levels-and(G) ipGTT (1 g/kg i.p.) and incremental area under the glucose curve (inset) in
control, PEPCK transgenic and PEPCK transgenic rats treated with dapagliflozin from 14
weeks of age. Overnight fasted (H) blood 2 -hydroxybutyrate (BHB) levels and (I) relative
mRNA expression of key liver genes involved in fatty acid synthesis (Accl), fatty acid
oxidation (Acc2 and Cptla) and gluconeogenesis (G6pc and Pckl). Data are presented as
mean £ SEM (n=4-6 *P<0.05 vs control, TP<0.05 vs PEPCK transgenic).

Figure 2:

(A) Glucose infusion rate, (B) rate of glucose disappearance, (C) endogenous glucose
production during hyperinsulinemic-euglycemic clamp conditions, (D) the rate of glucose
uptake (Rg’) in white quadriceps, red gastrocnemius and epididymal fat, and total GLUT4
protein content with corresponding densitometry levels in (E) red gastrocnemius and (F)
epididymal fat during hyperinsulinemic conditions. Representative H&E stained sections of
epididymal adipose tissue (G), average adipocyte area (H) and adipocyte number per mm? fat
area (I) in 20 week-old control, PEPCK transgenic and PEPCK transgenic rats treated with
dapagliflozin for 6 weeks duration. Data are presented as mean + SEM (n=4-6 *P<0.05 vs
control, ¥P<0.05 vs PEPCK transgenic).

Figure 3:

(A) Body weight gain and (B) average food intake over the 9 week intervention period in
control, PEPCK transgenic and PEPCK transgenic rats treated with dapagliflozin. (C) WAT
weight, (D) wet kidney weight, overnight fasted (E) blood glucose, (F) plasma insulin, (G)
ipGTT and incremental area under the glucose curve (inset) in control, PEPCK transgenic
and PEPCK transgenic rats treated with dapagliflozin from 5 weeks of age and (H) overnight
fasted blood 2 -hydroxybutyrate levels. Data are presented as mean = SEM (n=4-6 *P<0.05
vs control, TP<0.05 vs PEPCK transgenic).
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Figure 4:

(A) Glucose infusion rate, (B) blood glucose levels and (C) plasma insulin levels during the
course of the hyperglycemic clamp in 20 week-old control, PEPCK transgenic and PEPCK
transgenic rats treated with dapagliflozin for 6 weeks duration. (D) Representative insulin
stained pancreatic sections of 20 week-old control, PEPCK transgenic and PEPCK transgenic
rats treated with dapagliflozin for 6 weeks duration. The progression of (E) the average islet
area and (F) islet number per mm? pancreas area from 14 weeks to 20 weeks of age with or
without dapagliflozin administration. (G) *-cell mass in 20 week-old control, PEPCK
transgenic and PEPCK transgenic rats treated with dapagliflozin for 6 weeks duration. Both
average islet area and islet number per mm?® pancreas area were calculated in 14 week-old
control and PEPCK transgenic rats from the intervention study and used as a baseline. Data

are presented as mean + SEM (n=4-6 *P<(.05 vs control, TP<0.05 vs PEPCK transgenic).

Figure 5:

(A) Glucose infusion rate, (B) blood glucose levels and (C) plasma insulin levels during the
course of the hyperglycemic clamp in 14 week-old control, PEPCK transgenic and PEPCK
transgenic rats treated with dapagliflozin for 9 weeks duration. (D) Representative insulin
stained pancreatic sections of 14 week-old control, PEPCK transgenic and PEPCK transgenic
rats treated with dapagliflozin for 9 weeks duration. The progression of (E) the average islet
area and (F) islet number per mm” pancreas area from 5 weeks to 14 weeks of age with or
without dapagliflozin administration. (G) ?-cell mass in 14 week-old control, PEPCK
transgenic and PEPCK transgenic rats treated with dapagliflozin for 9 weeks duration. Both
average islet area and islet number per mm? pancreas area were calculated from a subset of 5
week-old control and PEPCK transgenic rats and used as a baseline. Data are presented as

mean + SEM (n=4-6 *P<0.05 vs control, 1P<0.05 vs PEPCK transgenic).
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Table 1: Plasma glucose and insulin levels under basal and hyperinsulinemic conditions in
20 week-old control, PEPCK transgenic and PEPCK transgenic rats treated with

dapagliflozin for 6 weeks duration.

Control PEPCK transgenic PEPCK transgenic
+ dapagliflozin

n 4 6 6
Basal
Plasma glucose (mmol/L) 8.0+0.2 7.5+0.5 6.2 +£0.4*
Plasma insulin (ng/mL) 3.0+0.2 4.6 +0.9* 1.3 £0.2%F
Clamp
Plasma glucose (mmol/L) 8.5+0.2 8.0+0.2 7.9+0.2
Plasma insulin (ng/mL) 59409 4.6 £0.3 52+03

Data are presented as mean + SEM for the indicated number of rats (*P<0.05 vs control,

TP<0.05 vs PEPCK transgenic).
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