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Abstract
Glucagon-like peptide 1 (GLP-1) agonists improve myocardial function and insulin sensitivity in
the setting of chronic heart failure. Endogenously produced GLP-1 peptide (7-36) is rapidly
cleaved by dipeptidyl peptidase 4 (DPP4) to the 9-36 peptide, which lacks anti-hyperglycemic
activity. To elucidate the effect of increased endogenous GLP-1 during heart failure progression,
the DPP4 inhibitor saxagliptin or vehicle was administered by daily oral gavage to female TG9
mice, a transgenic model of dilated cardiomyopathy, starting at day of life 42, just prior to the
development of detectable contractile dysfunction. Saxagliptin treatment inhibited DPP4 activity
>90% and increased GLP-1 levels 4-fold following a 2 gm/kg glucose load but did not affect
fasting GLP-1 levels. There was no difference in food intake or body weight between groups. At
56 days of age, oral glucose tolerance was improved in saxagliptin-versus vehicle-treated animals
(AUC0-120 1340 ± 46 and 1501 ± 43 min·mmol/L, respectively, p<0.015). In contrast to the effect
of a GLP-1 agonist in TG9 mice, saxagliptin had no effect on survival (80.7 ± 4.3 days) compared
to vehicle-treated mice (79.6 ± 3.6 days, p = 0.46). Taken together, these data indicate that
improvement in glucose tolerance is not sufficient to improve survival. Future efforts to confirm
these findings in additional models of heart failure are warranted.
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INTRODUCTION
Insulin resistance and cardiac dysfunction are intertwined in reciprocal causal relationships
[1]. Diabetes increases the risk of developing overt heart failure 2–8 fold [2, 3] and is
present in nearly 20% of patients with congestive heart failure. Furthermore, occult
cardiomyopathy is prevalent in diabetic subjects [4]. Diabetic patients who develop heart
failure have a greater than 2-fold increase in risk of death, compared to age and weight
matched non-diabetic controls [5]. Conversely, idiopathic dilated cardiomyopathy patients
develop secondary insulin resistance [6, 7]. Optimizing glucose homeostasis in heart failure
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patients, whether insulin resistance is primary or secondary to cardiac dysfunction, has
gained greater attention [8, 9].

Glucagon like peptide-1 (GLP-1), a member of the pro-glucagon incretin family, mediates
multiple physiologic effects that favorably affect whole body glucose homeostasis. These
include augmentation of glucose-stimulated insulin secretion, suppression of glucagon
secretion, preservation of beta cell mass, delay of gastric emptying, satiety, and improved
peripheral glucose disposal [10]. In addition to these systemic metabolic effects, GLP-1
improves myocardial function in a canine model of tachycardia-induced cardiomyopathy
[11]. In humans, GLP-1 can augment myocardial glucose uptake and cardiac function
related to myocardial ischemia and dilated cardiomyopathy [12, 13].

The mechanism by which GLP-1 improves cardiac function could have clinical significance.
Specifically, improvements in cardiac function may be due to direct effects of GLP-1
signaling in the heart or to improved systemic or tissue-specific glucose utilization. Multiple
classes of drugs can effectively mediate the systemic but not necessarily the direct cardiac
effects. Cardiac GLP-1 receptor expression suggests incretin signaling has a direct effect
[14]. Studies in GLP-1R−/− mice indicate that GLP-1 receptor signaling affects both heart
rate and contractile function [15]. Furthermore, GLP-1 improves cardiac preconditioning in
isolated perfused rat hearts [16].

Endogenous GLP-1 consists of two active isoforms GLP-17-36 and GLP-17-37, both of which
interact with the GLP-1 receptor. Dipeptidyl peptidase 4 (DPP4) rapidly degrades GLP-17-36
amide to the shorter 9-36 amide, which lacks insulinotropic effects. Several DPP4 inhibitors
have therefore been developed for the treatment of type 2 diabetes [17]. DPP4 inhibitors
produce many of the beneficial metabolic effects of GLP-1 agonists including preservation
of beta cell mass, augmentation of insulin secretion and suppression of glucagon secretion.
However, DPP4 inhibitors typically have a more modest anti-hyperglycemic effect than
GLP-1 agonists and no effect on gastric emptying and satiety [17].

The ability of GLP-17-36 and GLP-19-36 to influence cardiac function in GLP-1R−/− mice
suggests that some of the effects are mediated through GLP-1R independent mechanisms
[1]. Given these observations, we sought to investigate the effect of DPP4 inhibition on
glucose homeostasis and cardiac function in the failing heart using an established murine
model of dilated cardiomyopathy. The TG9 mouse was generated by cardiac-specific
overexpression of the cre recombinase protein under the α-mhc promoter [18]. Numerous
features of the model system greatly assist efforts to understand the influence of incretin
hormone biology on heart failure progression. TG9 mice develop progressive dilated
cardiomyopathy in a highly predictable manner with many of the salient molecular and
functional changes observed in human heart failure. This includes increased levels of brain
naturetic peptide (BNP) and salutary effect of beta blockers and angiotensin converting
enzyme (ACE) inhibitors. TG9 mice have normal left ventricular dimensions and systolic
function at 6 weeks of age followed by progressive dilatation and worsening contractile
function that leads to decompensated heart failure and death between 11–13 weeks of life
[18]. The administration of the facilitative glucose transporter (GLUT) antagonist ritonavir
to 10 week-old TG9 mice acutely exacerbates glucose intolerance and causes rapid cardiac
decompensation [19], whereas the GLP-1 agonist exenatide improves glucose homeostasis,
cardiac function and survival in this model [20]. We therefore hypothesized that if the
effects of exenatide are mediated through improved systemic glucose homeostasis, the DPP4
inhibitor saxagliptin would produce similar beneficial effects on cardiac function and
survival. Conversely, if the cardiac effects were mediated primarily through GLP-19-36,
cardiac function would not improve despite incretin-induced changes in systemic glucose

VYAS et al. Page 2

Cardiovasc Endocrinol. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



homeostasis. We report here the effect of saxagliptin on glucose tolerance, progression of
cardiac dysfunction, and survival.

MATERIALS AND METHODS
Materials

Saxagliptin (Onglyza©, BMS-477118, or (1S,3S,5S)-2-[(2S)-2-Amino-2-(3-
hydroxytricyclo(3.3.1.13,7]dec-1-yl)acetyl]-2-azabicyclo[3.1.0]hexane-3-carbonitrile,
monohydrate) was supplied by Bristol-Myers Squibb (Princeton, NJ). GLUT4 antibody was
custom produced by Invitrogen (Carlsbad, CA). GLUT1 antibody was a gift from Dr Mike
Mueckler (Washington University, St Louis, MO). GAPDH monoclonal antibody was
purchased from Abcam (Cambridge, MA). Anti human/rat/mouse monoclonal pan-AKT
antibody and rabbit anti-phospho-AKT antibody were ordered from R&D Systems, Inc
(Minneapolis, MN). AMPKα (F6) mouse antibody and Phospho-AMPKα (Thr 172)
antibody were ordered from Cell Signaling (Danvers, MA). Secondary anti mouse and anti
rabbit antibodies were ordered from LI-COR (Lincoln, NE). Unless noted, all other reagents
were purchased from Sigma (St. Louis, MO).

Animal Procedures
All experiments were approved by the animal studies committee at Washington University
School of Medicine. Mice were housed in the animal facility at Washington University
under standard light/dark cycles and fed standard mouse chow diet and water ad libitum. For
survival studies female TG9 mice were given saxagliptin (10 mg/kg/day) via oral gavage
with litter-matched control receiving an equal volume of vehicle (0.5% Methylcellulose +
0.1% Tween 20).

Glucose tolerance
Following a 5-hour fast mice in the survival study group were subjected to a 2-hour glucose
tolerance test. At time zero 20% dextrose (1mg/g) was administered via oral gavage and
blood was sampled from a tail vein at 15 minutes intervals. Blood glucose was immediately
determined using an Acenscia Contour glucometer (Bayer Health Care LLC). Serum insulin
levels were determined by the DRTC immunoassay core facility at Washington University
using a Singulex-based assay (Alameda, CA). Quantitative Insulin Sensitivity Check Index
(QUICKI) was calculated as 1/[(log10I0)(log10G0)] where I0 = fasting serum insulin (μmol/l)
and G0 = fasting serum glucose (mg/Dl) as previously described [21].

Myocardial glucose uptake
Tissue-specific glucose uptake was assessed by measuring 2-deoxyglucose incorporation in
left ventricular myocardium under basal conditions following a 5-hour fast as previously
described [19, 22, 23].

DPP4 activity
Following an overnight fast, 6-week old female TG9 mice were dosed with saxagliptin
(10mg/kg) or vehicle. 75 minutes later, blood was drawn into chilled EDTA tubes via
cardiac puncture. DPP4 activity was determined by measuring the cleavage of gly-pro-pNA
as previously described [24]. Activity, the rate of release of free pNA from the pseudo-
substrate, was assayed at 30°C, using a Spectramax 340 plate reader (Molecular Probes)
with rate determining software. Absorbance at 390 nm was measured. Results were
expressed as arbitrary units because standard pNA curves were not run for all experiments.
The extent of DPP4 inhibition was determined from the reduction in the initial rate observed
at each drug concentration with respect to untreated plasma.
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GLP-1 levels
FVB, TG9 and C57 mice were dosed with saxagliptin (10mg/kg) or vehicle following a 4 hr
fast. One hour later the mice were dosed with 2g/kg dextrose. Terminal bleeds were
performed 10 minutes later. Blood was divided into 2 EDTA tubes; one with 5ul DPP4
inhibitor + 1μl Aprotinin, one blank and then assayed using the Meso Scale Active GLP-1
(7-36) assay kit (Mesoscale Diagnostics, Gaithersburg, MD).

RNA isolation and quantification
Total RNA was isolated from the left ventricular myocardium using Trizol® Plus RNA
Purification System (Invitrogen, Carlsbad, CA). One microgram of total RNA was then
treated with DNase I (Invitrogen, Carlsbad, CA) and reverse transcribed using the
SuperScript® III First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA).
Quantitative RT-PCR was performed using Power SYBR® Green PCR Master Mix
(Applied Biosystems, Foster City, CA) on a Stratagene MX3005 qPCR thermal cycler. Each
reaction was run in triplicate using previously validated primers for BNP (sense: 5′-
TCACCGCTGGGAGGTCACTC-3′, antisense: 5′-GTGAGGCCTTGGTCCTTCAAG-3′)
[20], and GLP1R (sense: 5′-TCTTCATCCGTGTCATCTGC-3′, antisense: 5′-
CGTCCATCACAAAGGCAAAG-3′. β-Actin (sense: 5′-
GATTACTGCTCTGGCTCCTAG-3′, antisense: 5′-GACTCATCGTACTCCTGCTTG-3′)
and HPRT (sense: 5′-CCCCAAAATGGTTAAGGTTGC-3′, and antisense: 5′-
AACAAAGTCTGGCCTGTATCC-3′) as internal controls, respectively. The relative
changes in BNP and GLP1R expression levels were calculated by the ΔΔCt method.

Protein expression
Left ventricular myocardium was harvested from the mice immediately following euthanasia
and snap frozen in liquid nitrogen. Lysates were prepared by homogenization in buffer
containing 1% Triton X100 in PBS, Sigma protease inhibitor cocktail, sodium vanadate
1mM, sodium fluoride 50mM, and sodium pyrophosphate 10mM. Lysates were kept on ice
for 15 minutes and cleared by centrifugation at 1500g for 20 minutes at 4C. Protein
concentration was determined by the Bradford method [Bio-Rad, Hercules, CA]. Western
blot analysis was then performed on 10 μg of total protein per lane using GLUT1 (1:1000)
or GLUT4 (1:1000) rabbit polyclonal antibody recognizing the C terminus of the
transporter, pan-AKT (1:5000), Phospho AKT (1:2000), AMPKα (1:1000) and phospho-
AMPKα (1:1000). A mouse monoclonal GAPDH antibody (1:5000) was used as the loading
control. Protein bands were quantified using Odyssey infrared imaging system version 3.0
(LI-COR Biosciences, Lincoln, NE).

Echocardiography
Echocardiography was performed on conscious 75-day old TG9 mice treated with vehicle or
saxagliptin starting at 6 weeks of age using a Vevo 2100 Imaging System (VisualSonics,
Toronto, Canada) equipped with a 30 MHz linear-array transducer. Parasternal long-axis
views were obtained with a handheld technique. Quantitative image analysis was performed
using a speckle-tracking algorithm implemented in the Vevo 2100 system (VevoStrain,
VisualSonics, Toronto, Canada). In brief, suitable 2-D cine-loops were selected from
digitally acquired echocardiographic images based on adequate visualization of the endo-
and epicardial border and absence of image artifacts. Three consecutive cardiac cycles were
selected for analysis based on image quality. Semi-automated tracing of the endocardial and
epicardial borders were performed and verified over all 3 cardiac cycles and then corrected
as needed to achieve good quality tracking throughout each cine loop. Tracked images were
then processed in a frame-by-frame manner to derive the following parameters: LV volumes
(end-diastolic and end-systolic, calculated by the disk summation method); rate-of-change of
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LV volumes (peak positive and peak-negative); stroke volume (end-diastolic volume minus
end-systolic volume), ejection fraction (stroke volume divided by end-diastolic volume
multiplied by 100); LV mass (volume of the epicardial shell minus volume of the
endocardial shell multiplied by the specific gravity of muscle); global radial myocardial
strain (averaged peak segmental radial strain).

RESULTS
Saxagliptin increases GLP-1 levels and inhibits DPP4 activity in TG9 Mice

To determine the effect of augmentation of endogenous GLP-1 on heart failure progression,
TG9 mice were treated with the DPP4 inhibitor saxagliptin (10 mg/kg/d) administered by
oral gavage once daily beginning at 42 days (6 weeks) of age, just prior to the onset of
cardiac dysfunction. The pharmacokinetics of saxagliptin in rodents has been previously
studied [25], and this dosing regimen has been shown to produce sustained effects on
glucose tolerance [26]. Saxagliptin produced the expected inhibition of DPP4 activity in the
blood 75 minutes after administration (Figure 1A). Compared to vehicle-treated mice,
cleavage of the reporter peptide was reduced by 80%, (p<0.05). Furthermore, following an
oral glucose load GLP-1 levels were augmented more than 4-fold in saxagliptin-treated TG9
mice as well as non-transgenic FVB and C57Bl/6J animals compared to vehicle-treated
littermate controls (Figure 1B).

Glucose transporter expression and function
To assess effects of saxagliptin treatment on whole body glucose homeostasis, glucose
tolerance tests were performed at baseline (6 weeks) and then again after 2 and 4 weeks of
treatment with either drug or vehicle alone (8 and 10 weeks of age, respectively). Blood
glucose levels and responses to GTT did not differ between the two groups at baseline
(Figure 2). At 8 and 10 weeks of age, the saxagliptin treatment group exhibited a
significantly improved response to glucose challenge compared to vehicle-treated littermate
control animals. However, relative insulin sensitivity as determined by the quantitative
insulin sensitivity check index (QUICKI) [27] was the same in mice treated with vehicle
(0.346 ± 0.023) and saxagliptin (0.343 ± 0.017, p=0.9).

In prior studies, we determined that changes in peripheral glucose disposal in TG9 mice
induced by exenatide correlate with increased expression of cardiac GLUT4 protein [20]. In
contrast to these earlier findings, we did not observe a difference in either GLUT1 and
GLUT4 protein levels in saxagliptin treated mice compared to vehicle-treated littermate
controls (Figure 3). Consistent with this finding, no difference was observed in glucose
uptake into left ventricular myocardium in saxagliptin-treated TG9 mice compared to
vehicle treated littermate control animals (Figure 4).

Activation of AKT and AMPK
To assess changes in the metabolic status of the heart in response to saxagliptin therapy, we
measured activation of the serine/threonine kinase AKT (Protein Kinase B). Total and
phophorylated levels of AKT in left ventricular myocardium were not different between
saxagliptin- and vehicle-treated TG9 mice (Figure 5A). Similarly, no difference was
observed in activation of AMP-activated protein kinase (AMPK) in the two treatment
groups (Figure 5B).

GLP-1 Receptor Expression
To determine whether saxagliptin treatment influenced the expression of the GLP1 receptor
in left ventricular myocardium, mRNA was quantified by real-time PCR analysis in 75-day
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old TG9 mice. There was no difference observed in message level between saxagliptin- and
vehicle-treated animals (Figure 6A).

Cardiac function
To assess the effect of saxagliptin on heart failure progression in the TG9 mouse, BNP
mRNA expression in the left ventricular myocardium of 75-day old mice was quantified by
real-time PCR. BNP expression was elevated approximately 7-fold in TG9 animals
compared to age-matched non-transgenic controls. Saxagliptin treatment had no effect on
BNP levels (Figure 6B).

Cardiac contractile function was assessed by echocardiography in 75-day old TG9 mice.
Left ventricular dimensions and systolic function were significantly worse than non-
transgenic mice, consistent with previously published data [4]. No difference was observed
in any echocardiographic parameter between saxagliptin-treated mice and vehicle-treated
littermate controls (Table 1).

Survival analysis
The stereotypical rate of progression of heart failure in TG9 mice provides a means to assess
survival as an endpoint with statistical confidence. Untreated TG9 mice typically die within
a 2–3 day window between 11–13 weeks of age. In the current study, the mean survival of
saxagliptin-treated mice was 80.7 +/− 4.3 days. This was indistinguishable from vehicle-
treated littermate control animals (79.6 +/− 3.6 days, p = 0.46; Figure 7). Thus, despite the
ability of saxagliptin to improve glucose tolerance, DPP4 inhibition had no effect on heart
failure progression and time to death in TG9 mice.

DISCUSSION
With growing interest in developing more effective strategies for the prevention and
treatment of congestive heart failure, particularly in patients with type 2 diabetes, GLP-1
agonists have emerged as promising pharmacologic agents [28]. The beneficial effects on
systemic glucose homeostasis and body weight in combination with a low risk of
hypoglycemia have garnered incretin mimetics significant attention in this patient
population. Beyond the influence of incretin hormones on glucose tolerance, exogenously
administered GLP-1 and GLP-1R agonists have been shown to have beneficial effects on
cardiac function and survival in numerous animal models, including rodents [29, 30].
Whether DDP4 inhibition has similar benefits on cardiac function and survival is less well
understood. DDP4 has other substrates in addition to GLP-1, so DPP4 inhibition could have
effects beyond improvement in glucose homeostasis that pertain to cardiac function in the
setting of concomitant injury or stress [31]. The ability of DPP4 to cleave and inactivate
BNP, for instance, has led to the hope that inhibition of this enzymatic activity may prove
beneficial in patients with congestive heart failure [32]. DPP4 blockade has recently been
shown to improve cardiac and renal function in a porcine model of tachycardia-induced
cardiomyopathy [33]. Genetic and pharmacologic ablation of DPP4 activity in a rodent
model of acute ischemia/reperfusion injury has also shown beneficial effects on glucose
homeostasis and cardiovascular function [34]. Understanding of the ability of DPP4
inhibitors to influence cardiac function and survival in patients with heart failure has
significant implications for recommendations and clinical use of these agents. Beyond direct
clinical applicability, delineation of the role of incretin cleavage products in augmenting
myocardial contractility is necessary to determine more precisely mechanisms for these
effects.
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Despite the strong rationale for exploring DDP4 blockade as a means for improving cardiac
function, improvement in heart failure progression did not occur with augmentation of
endogenous GLP-1 levels in mice with dilated cardiomyopathy. A similar lack of benefit of
the DPP4 inhibitor vildagliptin on cardiac function has recently been reported in a rodent
myocardial infarction model [35]. Unlike the effect of saxagliptin in TG9 mice, vildagliptin
did not alter glucose tolerance. The current data demonstrate that in the TG9 mouse
improved systemic glucose tolerance alone is not sufficient to produce a detectable increase
in cardiac function or survival. Several aspects of the current data could account for this
observation. Since saxagliptin did not influence cardiac insulin signaling and glucose
uptake, it remains possible that altered myocardial glucose delivery and utilization in the
setting of heart failure contributes to decreased contractile function. This would be
consistent with the data showing reduced cardiac function and survival following
pharmacologic glucose transport blockade [19]. Exenatide produces greater improvement in
glucose tolerance, improves myocardial glucose uptake and contractile function, and
prolonged survival in TG9 mice [20] and each of these factors may contribute to the
difference in cardioprotective effects of saxagliptin.

The improved glucose tolerance observed in the saxagliptin-treated mice likely reflects
augmented insulin secretion due to DPP4-mediated increases in endogenous GLP-1 levels.
While we did observe a significant increase in glucose-stimulated GLP-1 levels with
saxagliptin, the absolute incretin hormone activity was less than what can be achieved by
exogenous GLP-1 or GLP-1 agonist administration. Higher GLP-1 levels may be necessary
to enhance glucose uptake in the myocardium than in skeletal muscle. Supra-physiologic
action of GLP-1 on myocardial tissue, whether direct or indirect, could account for the
observed differences between the effect of exenatide and saxagliptin on GLUT4 expression
[20]. Alternatively, supraphysiologic GLP-1 levels may be required to activate
cardioprotective mechanisms unrelated to myocardial glucose uptake [36]. Since DDP4
activity was nearly completely abolished by saxagliptin treatment, increasing the dose of
drug or treatment with additional agents within this class are unlikely to produce any further
increases in endogenous GLP-1. Consistent with prior reports that the DPP4 cleavage
product GLP-1 9-36 influences cardiac function independent of GLP-1R [37], it is also
possible that this peptide contributes to the cardiac effects of augmented incretin hormone
administration. While protein levels may not directly correlate with mRNA levels, the
failure to observe a change in GLP-1R expression in saxagliptin indicates that this does not
contribute to the observed difference from our previous study on the effect of exenatide on
cardiac function and survival in this cardiomyopathy model.

The potential of saxagliptin to alter the levels of DPP4 substrates other than GLP-1 may
have contributed to the lack of survival benefit observed in this study [38]. If such
mechanisms exist, it is likely that the relative influence of these insulinotropic-independent
signals will vary among different mechanisms for cardiac injury and may at least partially
explain conflicting reports of the effects of DPP4 inhibition on cardiac function. Thus, until
the effects of DPP4 inhibition are more fully elucidated, it may be premature to rule out a
potential benefit. Nevertheless, emerging data indicate that there are fundamental
differences between the effects of GLP-1 agonist and DPP4 inhibitor therapy [39]. Our data
suggest the therapeutic differences extend to the setting of primary dilated cardiomyopathy.
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Figure 1. Saxagliptin Effect on GLP-1 and DPP4
A. DPP-4 Activity was determined in female TG9 mice dosed with 10mg/kg saxagliptin
[Sax] or vehicle [Veh] after an overnight fast. Terminal blood samples were taken 75 min
later. B. Serum GLP-1 levels were determined on age-matched C57Bl/6J, FVB and TG9
mice dosed with 10mg/kg saxagliptin [□] or vehicle [■], following a 4 hr fast. After one
hour, mice were given dextrose [2 gm/kg] by oral gavage. Serum was sampled 10 minutes
later. *p < 0.05, student’s t-test.
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Figure 2. Effect of saxagliptin on glucose tolerance in TG9 mice
Oral glucose tolerance tests [2 gm/kg] were performed on age-matched female TG9 mice
following a 5 hour fast. A. Baseline responses at 6 weeks of age. B. Following 2 weeks of
treatment with either vehicle or saxagliptin [Age 8 weeks]. C. Following 4 weeks of
treatment with either vehicle or saxagliptin [Age 10 weeks]. Data is shown as the mean +/−
SEM, [n = 26–30]. *p < 0.05, ANOVA.
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Figure 3. Western blot analysis of GLUT protein levels in left ventricular myocardium harvested
from 75-day-old TG9 mice
GLUT1 [A] and GLUT4 [B] protein levels were assessed using western blotting and
normalized to the internal control, GAPDH, for loading variability. Fold change of GLUT
expression in the saxagliptin-treated compared to the vehicle-treated mice is represented in
the bar graphs. A representative western blot is shown. GLUT1 and GLUT4 levels are
unchanged in left ventricular myocardium following sustained treatment with saxagliptin.
Values are expressed as the mean ± SEM. n = 6 mice per group.
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Figure 4. Effect of saxagliptin on left ventricular myocardial glucose uptake
Female TG9 mice treated with vehicle [Veh] or 10 mg/kg saxagliptin [Sax] daily by oral
gavage starting at 42 days of age. Glucose transport activity was determined by [3H]-2-
deoxyglucose incorporation following a 5-h fast [n=8 per group]. Rg′, tissue glucose
metabolic index.
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Figure 5. Western blot analysis of AKT and AMPK phosphorylation in left ventricular
myocardium harvested from 75-day-old TG9 mice
Total protein and phosphorylation levels of AKT [A] and AMPK [B] were assessed using
western blotting and normalized to the internal control, GAPDH, for loading variability.
Phosphorylation levels of [A] AKT and [B] AMPK in saxagliptin- compared to vehicle-
treated animals is represented in the upper bar graph. Fold change of AKT and AMPK
expression in the same mice is represented in the lower bar graph. A representative western
blot is shown. Values are expressed as the mean ± SEM. n = 6 mice per group.
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Figure 6. RT-PCR analysis of BNP and GLP1R transcript levels in left ventricular myocardium
harvested from 75-day-old FVB and TG9 mice
Mice were treated with saxagliptin or vehicle starting at 42 days. Comparative real time
PCR was performed to examine the relative mRNA expression of (A) GLP1R and (B) BNP
transcripts in the left ventricles of saxagliptin- versus vehicle-treated TG9 animals relative to
message from age-matched FVB controls. *, p<0.01 compared to FVB control mice (BNP
only). Real time PCR shows no change in the relative expression levels of BNP or GLP1R
transcripts between the two TG9 groups [n= 4 mice/group].
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Figure 7. Kaplan-Meier survival curves
Female TG9 mice were treated with 10 mg/kg/day of saxagliptin or vehicle orally beginning
at 42 days of life and continuing until the time of death. ○, Saxagliptin treated mice [n =
27]; ■, vehicle [n = 26]. P =0.3, Log Rank Test.
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Table 1

Echocardiography of TG9 mice

Parameter Vehicle [n=7] Saxagliptin [n=7] p-value

Body weight [g]

 Age 42 days 19.8 ± 0.37 20.0 ± 0.37 0.69

 Age 70 days 21.5 ± 0.73 21.4 ± 0.2 0.90

Heart rate [beats per minute] 522 ± 49 450 ± 18 0.19

EDV [μL] 64 ± 4.1 67 ± 3.2 0.59

ESV[μL] 37 ± 3.4 40 ± 2.7 0.48

EF [%] 43 ± 1.9 41 ± 1.6 0.38

dV/dt-s 0.77 ± 0.02 0.75 ± 0.02 0.50

dV/dt-d 1.31 ± 0.06 1.27 ± 0.06 0.63

LVMd [mg] 84 ± 4.3 86 ± 3.6 0.82

e-rad [%] 18 ± 1.5 17 ± 1.5 0.77

R-TPk [ms] 64 ± 4.4 65 ± 1.5 0.93

e-long [%] 11 ± 0.7 10 ± 0.8 0.15

L-TPK [ms] 64 ± 3.3 66 ± 1.6 0.64

Transthoracic echocardiography performed on conscious 75-day old TG9 mice. Saxagliptin [or vehicle] was administered by oral gavage at a dose
of 10 mg/kg/day starting at 42 days of age. LV, left ventricle. EDV, end-diastolic LV volume. ESV = end-systolic LV volume. EF = ejection
fraction [(EDV−ESV)/EDV]. dV/dt-d = peak rate of LV volume increase in diastole. dV/dt-s = peak rate of LV volume decrease in systole. e-rad =
average peak radial strain. R-TPK = average time to peak of radial strain. elong = average peak longitudinal strain. L-TPk = average time to peak
of longitudinal strain. Data is shown at the average +/− SEM
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