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Abstract

Mitochondrial biogenesis

Background: There are increasing evidence that left ventricle diastolic dysfunction is the initial functional alteration
in the diabetic myocardium. In this study, we hypothesized that alogliptin prevents diastolic dysfunction and pre-
serves left ventricular mitochondrial function and structure in diabetic rabbits.

Methods: A total of 30 rabbits were randomized into control group (CON, n=10), alloxan-induced diabetic group
(DM, n=10) and alogliptin-treated (12.5 mg/kd/day for 12 weeks) diabetic group (DM-A, n=10). Echocardiographic
and hemodynamic studies were performed in vivo. Mitochondrial morphology, respiratory function, membrane
potential and reactive oxygen species (ROS) generation rate of left ventricular tissue were assessed. The serum con-
centrations of glucagon-like peptide-1, insulin, inflammatory and oxidative stress markers were measured. Protein
expression of TGF-B1, NF-kB p65 and mitochondrial biogenesis related proteins were determined by Western blotting.

Results: DM rabbits exhibited left ventricular hypertrophy, left atrial dilation, increased E/e’ ratio and normal left
ventricular ejection fraction. Elevated left ventricular end diastolic pressure combined with decreased maximal
decreasing rate of left intraventricular pressure (— dp/dtmax) were observed. Alogliptin alleviated ventricular hyper-
trophy, interstitial fibrosis and diastolic dysfunction in diabetic rabbits. These changes were associated with decreased
mitochondrial ROS production rate, prevented mitochondrial membrane depolarization and improved mitochondrial
swelling. It also improved mitochondrial biogenesis by PGC-1a/NRF1/Tfam signaling pathway.

Conclusions: The DPP-4 inhibitor alogliptin prevents cardiac diastolic dysfunction by inhibiting ventricular remod-
eling, explicable by improved mitochondrial function and increased mitochondrial biogenesis.
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Introduction

Diabetes mellitus (DM) is a global epidemic with signifi-
cant adverse impacts on life expectancy and quality of
life. More than 170 million people worldwide suffer from
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diabetes, and this figure is projected to double by the
year 2030 [1]. It is widely recognized that DM is associ-
ated with adverse alterations in myocardial structure and
function, collectively known as diabetic cardiomyopathy,
which is responsible for the development of heart failure
in this population [2—4]. One of the hallmarks of diabetic
cardiomyopathy is left ventricular diastolic dysfunction,
which is often associated with normal systolic function in
the early disease processes [5]. Indeed, the incidence of
heart failure with preserved ejection fraction (HFpEF) in
diabetes has increased sharply over the past two decades
[6-8].
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Diastolic dysfunction is characterized by increased
myocardial stiffness leading to abnormal left ventricular
relaxation that is associated with increased filling pres-
sure. Poor glycemic control adversely affects diastolic
function by several mechanisms, including increased oxi-
dative stress, chronic inflammation, myocardial hypertro-
phy, perivascular and interstitial collagen deposition and
cross-linking, abnormal intracellular calcium handling,
endothelial and mitochondrial dysfunction and apoptosis
[9-12]. The mitochondria are the main sites where reac-
tive oxygen species (ROS) are generated [13]. Previously,
our group found that the atrial tissue of diabetic rabbits
showed markedly higher mitochondrial ROS generation
rate in contrast with the control group, and the treatment
of dipeptidyl peptidase-4 (DPP-4) inhibitor, alogliptin,
suppressed their generation and attenuate adverse atrial
remodeling [14]. By contrast, the effects of DPP-4 inhibi-
tors on ventricular function in diabetes are not com-
pletely understood. Therefore, in this study, we aimed to
investigated the mechanisms by which alogliptin affects
ventricular function in early stage of diabetes specifically
focusing on the role of the mitochondria.

Methods

Experimental animals and study protocol

This study was approved by the Experimental Animal
Administration Committee of Tianjin Medical Univer-
sity and Tianjin Municipal Commission for Experimen-
tal Animal Control. Japanese white rabbits (1.8-2.2 kg)
were purchased from Beijing Medical Animals Research
Institute. A computer was used to generate 30 different
random numbers corresponding to every rabbit. The first
10 rabbits were taken as the control group, the middle
10 rabbits as the DM group, and the remaining 10 rab-
bits as the alogliptin-treated DM (DM-A) group. In each
group, echocardiographic, hemodynamic, histological,
serum biochemical and oxidative stress—related markers,
as well as Western blot and mitochondrial function were
determined.

Rabbit model of diabetes mellitus

The alloxan-induced diabetes model using rabbits has
been previously used by our group [15, 16]. Briefly, it
involves intravenous injection of 5% alloxan (alloxan
monohydrate, Sigma Aldrich Chemical; 120 mg/kg) dis-
solved in sterile normal saline into the marginal ear vein.
This produces a type 1 diabetes mellitus model by dam-
aging the pancreatic beta cells. Fasting blood glucose
was measured 48 h later with confirmation of diabetes by
glucose levels > 14 mmol/L. If the fasting blood glucose
level did not reach diagnostic criteria after 48 h, then
the same dose of alloxan was injected again. If this failed
to induce diabetes again, then the rabbit was excluded
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from the study. Fasting blood glucose concentration was
monitored weekly using the glucometer Optium Xceed
(Abbott Labora-tories MediSense Products). After dia-
betes was established, animals in the DM-A group were
given alogliptin (12.5 mg/kg/day; Tianjin Takeda Phar-
maceuticals Co, Ltd) that was mixed into the food for
12 weeks. This dose was selected as it is in keeping with
previously used dosing regimen in prior experiments
[17].

Echocardiographic assessment

After 12 weeks, all the rabbits underwent resting tran-
sthoracic  two-dimensional echocardiography and
Doppler imaging to assess left ventricular function by
operators blinded to grouping. They were anesthetized
with 3% pelltobarbitalum natricum (30 mg/kg), and
echocardiographic parameters were obtained in the par-
asternal long-axis view using a GE Vingmed machine
(Vivid 7/Vingmed General Electric) equipped with a 7.5-
MHz standard pediatric probe. Standard imaging planes,
M-mode, color-mode, Doppler, and functional calcula-
tions were acquired according to the guidelines of the
American Society of Echocardiography [18]. Left atrial
(LA) anteroposterior diameter, left ventricular posterior
wall (LVPW) thickness, interventricular septal thickness
(IVS), left ventricular end-diastolic dimension (LVEDD),
and left ventricular end-systolic dimension (LVESD) were
measured using both 2-dimensional and M-mode imag-
ing during 5 consecutive cardiac cycles. Left ventricular
ejection fraction was calculated, and the mean of three
measurements was calculated for subsequent analysis.
Left ventricular diastolic function was evaluated by the
mitral peak velocity of early filling (E) to early diastolic
mitral annular velocity (¢’) (E/e’) ratio.

Hemodynamic study and sample collection

After echocardiographic examination, each rabbit
underwent right carotid artery cannulation for measur-
ing hemodynamic parameters during ECG monitoring.
Heart rate (HR), aortic systolic blood pressure (SBP),
diastolic blood pressure (DBP), and mean blood pressure
(MBP) were recorded carefully after a stabilization period
using a BL-420F biological function detection system
(Chengdu Taimeng Science and Technology Co, Ltd).
Then the cannula was inserted through the aortic valve to
the left ventricle to measure the ventricular end-diastolic
pressure (LVEDP), maximal and minimal rates (+dp/
dtmax) of the rise in left ventricular pressure.

Blood samples were obtained from the carotid artery
after hemodynamic examination for measurements
of serum biochemical, inflammatory, and oxidative
stress markers. The animals were then euthanized and
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a portion~ 100 mg LV tissues were collected for mito-
chondrial function study immediately. Another about
100 mg LV tissues were frozen in liquid nitrogen, and
stored at — 80 °C for western blot. Small pieces of LA
tissue were immersed in 10% formaldehyde and 2.5%
glutaraldehyde for histological and ultrastructural stud-
ies respectively.

Isolation of mitochondria from the left ventricle

LV tissue collected as mentioned above was quickly dis-
sected and minced in an ice-cold isolation medium
containing mannitol 220 mmol/L, sucrose 70 mmol/L,
HEPES 5 mmol/L, PMSF 1 mmol/L, BSA 0.2% (w/v), and
pH 7.4. The minced blood-free tissue was homogenized
using a manual glass homogenizer with 6 passes (0—4 °C).
The homogenate was centrifuged at 1000xg for 10 min
and the liquid supernatant was collected. It was then cen-
trifuged at 10,000xg for 10 min. The major constituent
of the deposit was mitochondrial pellet, which was sus-
pended in 0.5 mL of the conversational medium contain-
ing mannitol 220 mmol/L, sucrose 70 mmol/L, HEPES
5 mmol/L, and PH 7.4. The mitochondrial isolation pro-
cedures were completed within 1 h after the rabbits were
euthanized. Mitochondrial protein concentration was
quantified using the Bradford colorimetric method.

Mitochondrial respiration

Mitochondrial respiratory function was measured
polarographically at 25 °C using a Clark-type oxygen
electrode (Oroboros Instruments, Innsbruck, Austria).
In a 2-mL closed thermostatic and magnetically stirred
glass chamber, respiration medium containing Mannitol
225 mmol/L, Sucrose 70 mmol/L, EDTANa, 1 mmol/L,
KH,PO, 20 mmol/L, K,HPO, 20 mmol/L, BSA 1 mg/
mL (PH, 7.4) was saturated with ambient oxygen to reach
a concentration of 258 pmol/L. After an equilibration
period, 300 pg mitochondrial protein was added to the
reaction system. When the mitochondrial oxygen con-
sumption was stable, 15 puL mixture of 0.8 mol/L malic
acid and 1 mol/L glutamic acid was added to initiate the
state 2 respiration. After stable state 2 respiration was
established, oxidative phosphorylation was started by the
addition of 200 nmol/L ADP. Namely, state 3 respiration
was initiated. When all of the ADP had been phosphoryl-
ated to ATD, state 4 respiration started. The respiratory
control ratio (RCR) was calculated as the ratio of the res-
piratory rate in state 3 to that in state 4.

Mitochondrial membrane potential
Mitochondrial membrane potential (Ay) was assessed by
tetraethyl benzimidazolyl carbocyanine iodide cationic
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dye at 37 °C in 2 mL of respiration medium, which exhib-
ited potential-dependent accumulation in mitochondria,
resulting in a fluorescence emission shift from 525 nm
(green) to 590 nm (red). Theoretically, loss of Ay was
detectable by the decrease in the red to green fluores-
cence emission ratio. 300 pg mitochondrial protein was
added into the respiration medium with tetraethyl ben-
zimidazolyl carbocyanine iodide dye. After equilibra-
tion for 10 min, mitochondrial respiratory function was
initiated by a 15 pl mixture of 0.8 mol/L malic acid and
1 mol/L glutamic acid, and the alteration of the fluores-
cence emission was detected.

Mitochondrial reactive oxygen species production
Mitochondrial ROS generation was assessed using
fresh mitochondrial suspensions with the dichlorodi-
hydrofluorescein diacetate probe [19]. Mitochondrial
protein 300 ug was added to a quartz cuvette contain-
ing 3 mL of phosphate buffer (KCl 130 mmol/L, MgCl,
43 mmol/L, NaH,PO, 20 mmol/L, glucose 30 mmol/L,
malate 2 mmol/L, PH 7.4) and 2 pL of 2.5 mmol/L dichlo-
rodihydrofluorescein diacetate which was dissolved in
1.25 mmol/L methanol and kept in the dark at 0 °C. The
mixture was incubated at 37 °C for 15 min, and dichloro-
dihydrofluorescein diacetate formation was determined
fluorometrically at the excitation wavelength of 499 nm
and emission wavelength of 521 nm at 37 °C for 2 min
using a Cary Eclipse Fluorescence spectrophotometer
(Varian). The dichlorodihydrofluorescein diacetate fluo-
rescence was normalized to the fold of the control group
[20].

Serum biochemical, inflammatory oxidative stress
measurements

Blood samples collected were used for serum biochemi-
cal examination, including fasting glucose, total choles-
terol, triglyceride, low-density lipoprotein cholesterol
(LDL-c), high-density lipoprotein cholesterol (HDL-c)
and creatinine level by full automatic biochemical ana-
lyzer. Fasting insulin and GLP-1 level were assessed using
Rabbit Insulin ELISA Kit (Wuhan Huamei Biological
Engineering Co., Ltd, Hubei Province, China) and Rab-
bit Glucagon Like Peptide-1 ELISA Kit (Shanghai Huding
Biological Technology Co., Shanghai, China) according
to the manufacturer’s instructions respectively. Serum
oxidative stress related markers Lipid Peroxidation
Malondialdehyde (MDA) and 8-hydroxy-2 deoxyguano-
sine (8-OHdG) were assessed by MDA Assay Kit (Nan-
jing Jianchen Bioengineering Institute, Jiangsu Province,
China) and Rabbit 8-OHdG ELISA Kit (Shanghai Hud-
ing Biological Technology Co., Shanghai, China). Serum
antioxidant enzyme superoxide Jianchen Bioengineering
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Institute, Jiangsu Province, China). And the inflammation
maker high-sensitivity C-reactive protein (hs-CRP) level
was detected using Rabbit hs-CRP ELISA KIT (Wuhan
Huamei Biological Engineering Co., Ltd, Hubei Province,
China).

Histological and ultrastructural analyses
The LV myocardium was cut at 4-um intervals and
stained with Masson’s trichrome stain to evaluate the
extent of interstitial fibrosis. Five Masson staining sec-
tions from each myocardium were selected, and in each
section, five random sampled areas were studied at 400x
field of view. Briefly, to quantify the areas of interstitial
fibrosis in the LV myocardium, the blue pixel content of
the digitized images, excluding the perivascular fibrotic
areas, were measured relative to the total tissue area
using Image Pro Plus 6.0 Scion image software (Scion
Corporation). LV tissues that have been fixed in 2.5% glu-
taraldehyde for 2 h were used for ultrastructural analysis.
After further fixated in 1% osmium tetroxide, dehydrated
in ethanol, and embedded in Epon, ultrathin sections
were cut from each sample.

Finally, each ultrathin section was counterstained with
uranium acetate and lead citrate, and evaluated under
H-7650 transmission electron microscope (Hitachi).

Western blot analysis

Western blotting was performed to assess the expression
of transforming growth factor-p1 (TGF-B1) and nuclear
factor kappa B (NF-kB) P65, as well as the proteins about
mitochondrial biogenesis in three groups. LV tissue pro-
tein was extracted by lysis buffer containing 150 mmol/L
sodium chloride, 10 mmol/L Tris, 0.01 mol/L. EDTA 4
Na, 1% NP40, 10 pg/mL Aprotein, 10 pg/mL leupeptin,
1 mmol/L PMSE 1 mmol/L Na3VO4, 10 mmol/L NaF.
The lysates were centrifuged at 12,000xg for 20 min,
and the supernatants were collected. The protein con-
tent was assayed using a BCA protein assay reagent kit
(Thermo Scientific, USA). Total protein was fractionated
by electrophoresis and transferred onto PVDEF sheets
(Millipore, USA) and separately incubated with a specific
antibody targeting transforming growth factor-p1 (TGE-
B1) (1:5000; Abcam, USA), nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) P65 (1:1000;
Abcam, USA), Peroxisome proliferator-activated receptor
gamma coactivator 1l-alpha (PGC-1a) (1:1000; Abcam,
USA), transcription of nuclear respiratory factors 1
(NRF1) (1:1000; Abcam, USA), mitochondrial transcrip-
tion factor A (Tfam) (1:1000; Abcam, USA), followed by
incubation with appropriate peroxidase-conjugated sec-
ondary antibodies. The reactions were visualized using
Tanon 5200 Multi Chemiluminescent Imaging System
(Tanon Science & Technology Co., Ltd, Shanghai, China).
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Statistical analysis

Statistical analysis was performed using SPSS 19.0 statis-
tical software. Data were presented as mean = standard
deviation. Comparisons among the three groups were
analyzed for statistical significance using the one-way
analysis of variance (ANOVA) followed by Bonferroni
correction for comparisons between two groups respec-
tively,. A P value<0.05 was considered statistically
significant.

Results

Echocardiographic and hemodynamic studies
Representative echocardiographic images in the par-
asternal long-axis view and Doppler tissue imaging of
the LV from the three groups are shown in Fig. 1A-C
with the data shown in Table 1. Compared with the
control group, the left atrial diameter, interventricu-
lar septum diameter and left ventricular posterior wall
diameter were significantly increased in the diabetes
group (P<0.05 or 0.01). These changes were partially
prevented by alogliptin (P<0.05 or 0.01). By contrast,
left ventricular ejection fraction was not significantly
different between the three groups. Nevertheless, E/e’
ratio, a marker of left ventricular diastolic function, was
increased in the diabetic group (P<0.01) and reduced by
alogliptin (P <0.05).

Hemodynamic studies revealed that left ventricular
end-diastolic pressure were markedly increased in the
diabetes group (P<0.01), changes that were partially pre-
vented by alogliptin treatment (?<0.01). No difference in
the maximal pressure differential increase (4 dp/dtmax)
among the three groups. However, the maximal pressure
differential decrease (— dp/dtmax) was lower in the dia-
betes group and reversed by alogliptin (P<0.01).

Mitochondrial respiratory function, membrane potential,
and ROS generation

Subsequent experiments examined mitochondrial res-
piratory function, membrane potential and generation
of reactive oxygen species. Thus, state 3 respiration rate
was lower in the diabetes group, which was restored
by alogliptin treatment (P<0.01; Fig. 2a). No signifi-
cant difference of state 4 respiration rate was observed
among the three groups (Fig. 2b). Consequently, the
respiratory control ratio, defined as the rate ratio of
state 3 to state 4 respiration, was higher in the diabe-
tes group (P<0.01; Fig. 2c) and subsequently lower by
alogliptin. The diabetes group showed lower mitochon-
drial Ay (P<0.05; Fig. 2d) and higher mitochondrial
ROS generation rate compared to the control group,
changes that were reversed by alogliptin treatment
(P<0.01; Fig. 2e).
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Fig. 1 Representative echocardiographic images of the left ventricle for the three different groups. Two-dimensional echocardiographic image of
the control group, diabetic group and alogliptin-treated diabetic group (A-C, top) and Doppler tissue imaging (bottom). LV left ventricle, RV right
ventricle; AO aorta, e” early diastolic mitral annular velocity, a” late diastolic mitral annular velocity, n= 10 per group
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Serum biochemical and oxidative stress-related markers
Fasting glucose at week 12 was higher (P<0.01) and lev-
els of insulin and GLP-1 were lower (P<0.01) in the dia-
betic group compared with controls (Table 2). Serum
creatinine, triglycerides, total cholesterol, and low- and
high-density lipoprotein cholesterol, were not signifi-
cantly different between the three groups. By contrast,
higher MDA, 8-OHdG, and high-sensitivity C-reactive
protein concentrations (P<0.01) and lower superoxide
dismutase activity (P<0.01) were observed in the diabetic
group (P<0.01). Alogliptin treatment for 12 weeks led
to partial restoration of fasting glucose and GLP-1 levels
(P<0.01: compared to DM group), and attenuated these
inflammatory and oxidative stress markers (P<0.01) with
the exception for superoxide dismutase activity.

Left ventricular interstitial fibrosis and cardiomyocyte
ultrastructure

Representative histological sections from the left ventri-
cle are shown in Fig. 3A—C. Extensive interstitial fibrosis
was observed in the diabetic group compared to con-
trols, which was attenuated by alogliptin treatment. The
ultrastructure of left ventricular cardiomyocytes under
the different conditions are shown in Fig. 4A—C. There
were regular sarcomere organization and uniformly-sized
mitochondria in the control group. Under the diabetic
condition, swelling mitochondria between sarcomeres

were observed. These changes were prevented by aloglip-
tin treatment.

Protein expression levels of transforming growth
factor-pB1, nuclear factor kB p65 and mitochondrial
biogenesis-related proteins

Protein expression levels of transforming growth factor
Bl (TGE-P1) (Fig. 5a) and nuclear factor kappa B (NF-
kB) p65 (Fig. 5b) were significantly higher in the diabetic
group compared to controls (P<0.01). These changes
were fully reversed by alogliptin treatment (P<0.01). By
contrast, protein expression levels of the mitochondrial
biogenesis-related proteins, PGC-la (Fig. 6a), NRF-1
(Fig. 6b), and Tfam (Fig. 6¢) were significantly lower in
the diabetic group (P<0.01). Alogliptin treatment par-
tially restored the expression of these proteins.

Discussion

In this study, we demonstrated that the DPP-4 inhibitor
alogliptin prevented diastolic dysfunction and attenuated
left ventricular remodeling in an alloxan-induced diabetic
rabbit model. The advantages of the rabbit model include
a longer lifespan compared to smaller animals, relatively
ease of handling and low costs [21]. In our previous work,
we found that left atrium showed significant structural
remodeling and a trend towards lower LV —dp/dtmax,
which reflects ventricular wall stiffness in the diabetes
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Table 1 Hemodynamic and echocardiographic studies

CON group (n=10) DM group (n=10) DM-A group (n=10) P value
HR (bpm) 2814+£10.2 2915£113 2798+£15.0 0.145
SBP (mmHg) 124.3845.95 128994583 128.8045.49 0217
DBP (mmHg) 78.034+4.19 81.054472 80.645.71 0428
MBP (mmHg) 9544453 97.7949.93 98.5545.70 0.658
LVEDP (mmHg) 0.184£0.07 2374057 1.0740.30%# <0.001
+ dp/dtmax (mmHg/m) 3969.02 +464.27 3643.684+332.94 3994.28 +380.08 0.167
— dp/dtmax (mmHg/m) 285258 £435.33 1475.75 £ 266.74%* 215403 4391 43%*# <0001
LAD (mm) 6.25+0.90 8.94 +0.88** 7.8140.60%# <0.001
IVS (mm) 1834031 2754033 22740.17%% <0.001
PWLY (mm) 1714037 2744032 22640194 <0.001
LVEDD (mm) 11924072 12.824£0.97 12194071 0.097
LVESD (mm) 7794053 7584057 7974064 0426
LVEF (%) 56.31£250 5594+£259 5640+£1.76 0916
RVEDD (mm) 461+£0.71 49840.55 4994038 0325
E/e’ ratio 495+£1.36 11.734£2.85% 8894 1.16%** <0.001
Heart weight ratio (1/1000) 25840.19 2824011 2684024 0.054
Body weight (kg) 3424030 2724075 29540.26%* <0.001

Values are mean £ SD

HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; LVEDP, left ventricular end diastolic presssure; + dp/dtmax,
maximal increasing rate of left intraventricular pressure; — dp/dtmax, maximal decreasing rate of left intraventricular pressure; LAD, left atrial diameter; IVS,
interventricular septal; PWLYV, left ventricular posterior wall; LVEDD, left ventricular end-diastolic dimension; LVESD, left ventricular end-systolic dimension; LVEF,
left ventricular ejection fraction; RVEDD, right ventricular end-diastolic dimension; E/e’: the ratio of early diastolic filling velocity to the early diastolic mitral annulus

velocity

* Compared with CON group, P <0.05

** Compared with CON group, P<0.01
# Compared with DM group, P <0.05

# Compared with DM group, P <0.01

group at 8 weeks [14]. In this study, we studied cardiac
function over a longer period of 12 weeks, demonstrating
the presence of diastolic dysfunction (higher E/e’) with
normal systolic function in the diabetic state, associated
with increased left ventricular end-diastolic pressure and
decreased — dp/dtmax.

Effects of different DPP-4 inhibitors on diastolic function
DPP-4 inhibitors have been increasingly used for hyper-
glycemic control in type 2 diabetes with good tolerance
[22] although its benefit in type 1 diabetes is controver-
sial [23]. It acts by enhancing the level of GLP-1 and acti-
vating its receptor. Independently of glycemic control,
DPP-4 inhibitors exert cardiovascular protection effect
probably through their anti-inflammatory [24], anti-
fibrosis [25] and anti-oxidant activities [26]. It has been
shown that DPP-4 inhibitors decrease plasma and brain
oxidative stress levels in high-fat diet-induced insulin-
resistant rats, and restored impaired brain mitochondrial
function [27].

Some clinical studies have found improvements in
cardiovascular outcomes in diabetes with the use of
DPP-4 inhibitors. For example, Yamada et al. [28] found

that the addition of sitagliptin to conventional diabetic
care significantly improve diastolic function. Data from
pre-clinical experiments have provided evidence for
their mechanisms underlying cardiac protective effects
[29, 30], including reduced lipolysis [31], inhibition of
TRAEF3IP2 expression and its downstream inflammatory
signaling [32], reduced activation of mTOR/S6K1 and
reduced IRS-1 and IRS-2 degradation [33].

Oxidative stress and diastolic dysfunction in the diabetic
heart

The mechanisms underlying diastolic dysfunction in
diabetes include left ventricular interstitial fibrosis
leading to an increase in passive stiffness and abnormal
myocardial active relaxation due to structural remod-
eling and metabolic derangements [34]. Hyperglyce-
mia promotes cardiomyocyte dysfunction because of
metabolic alterations involving glucose and lipid han-
dling [35, 36]. Furthermore, it promotes the generation
of advanced glycation end-products (AGEs), inflam-
mation, and oxidative stress may directly activate resi-
dent cardiac fibroblasts and induce a matrix-synthetic
phenotype by the activation of fibrogenic growth
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Fig. 2 Effects of alogliptin on mitochondrial state 3 respiration rate (a), state 4 respiration rate (b), respiratory control ratio (RCR) (c), mitochondrial
membrane potential (d) and ROS levels (e). CON control group, DM: diabetic group, DM-A alogliptin-treated diabetic group. **P<0.01 versus CON
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factors, especially TGF-B1 as shown in this study [37].
Overproduction of ROS leads to increased formation
of AGEs, activation of the AGE receptor (RAGE) and
protein kinase C (PKC) in the polyol and hexosamine
pathways [12, 38, 39], in turn perpetuating electro-
physiological and structural remodeling [40-42]. In
our study, the content of lipid oxidation products MDA

and DNA oxidation products 8-OHdG were markedly
raised in diabetic rabbits. Consistent with previous
reports [43, 44], we found that DPP-4 inhibitors have
favorable effects in inhibiting oxidative stress, amelio-
rating ventricular remodeling and improving diastolic
dysfunction.
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Table 2 Serum biochemical, oxidative stress and inflammation examination

CON group (n=10) DM group (n=10) DM-A group (n=10) P value
Glucose (mmol/L) 4984045 14124169 11.034£201% <0.001
INS (mmol/L) 17844257 006+ 1.43% 114541169 <0.001
GLP-1 (pmol/L) 1284035 042+0.16%* 0.90+0.15%* <0.001
Cr (umol/L) 809041528 923641507 89314853 0.229
TC (mmol/L) 1434029 1664034 1734029 0.143
TG (mmol/L) 1154023 1214037 1164027 0.997
LDLc (mmol/L) 030£0.14 037+0.12 035+0.13 0.576
HDLc (mmol/L) 04440.11 0474007 045+0.11 0.827
SOD (U/mL) 47652461.76 386.28 4 52.86%* 40868 +28.17* 0.004
hs-CRP (mg/L) 1494068 6.1941.63%* 32741.04%# <0001
MDA (nmol/mL) 9.5142.00 16.6242.77% 12494213 <0.001
8-OHdG (ng/mL) 1514050 3.7940.70% 227+026%" <0.001

Values are mean + SD

INS, insulin; GLP-1, glucagon like peptide-1; Cr, creatinine; TC, total cholesterol; TG, triglyceride; LDLc, low-density lipoprotein cholesterol; HDLc, high-density
lipoprotein cholesterol; SOD, superoxide dismutase; hs-CRP, hypertensive C-reactive protein; MDA, malondialdehyde; 8-OHdG, 8-hydroxy-2/-deoxyguanosine

* Compared with CON group, P <0.05
** Compared with CON group, P<0.01
# Compared with DM group, P <0.05
# Compared with DM group, P<0.01

Left Ventricular fibrosis,

Fig. 3 Left ventricular interstitial fibrosis in the control group, diabetic group and alogliptin-treated diabetic group (A-C). Area of fibrosis to the area
of the reference tissue (D). **Compared with CON group, P < 0.01; *Compared with DM group, P<0.01. n=6 per group
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group

Fig. 4 Comparison of left ventricular ultrastructure in the control group, diabetic group and alogliptin-treated diabetic group (A-C). n=4 per
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Mitochondrial abnormalities contribute to diastolic
dysfunction in diabetes

NADPH oxidases, lipoxygenases, and xanthine oxidase
are major systems that generate endogenous ROS [45,
46]. Mitochondria are thought to be the major contribu-
tor of this oxidative stress during oxidative phospho-
rylation [47]. Mitochondrial oxidative stress itself can
promote further mitochondrial dysfunction through
ROS-dependent ROS release [48]. This can result in Ay
collapse, cytochrome c release, mitochondrial swelling,
and cellular apoptosis [49]. Finally, mitochondrial bio-
genesis is a dynamic and tightly regulated process that
is essential for maintenance of its quantity and func-
tion. Recent studies have reported that mitochondrial
biogenesis was impaired in cardiomyocytes in diabetes

[50]. PGC-1a is a critical regulator of mitochondrial bio-
genesis through its downstream mediators NRF-1 and
Tfam [51]. It also regulates calcium signaling and calcium
mediated cell death [52].

The relationship between mitochondrial dysfunction
and diastolic dysfunction has been explored in non-dia-
betes models [53]. The novelty of this study is the demon-
strations that DPP-4 inhibitors decreased mitochondrial
ROS production rate, prevented mitochondrial mem-
brane depolarization, alleviated mitochondrial swelling,
and increased mitochondrial respiration function. In
addition, alogliptin restored the protein expression lev-
els of PGC-1a, NRF-1 and Tfam that were reduced by
diabetes. It was reported that silent information regula-
tor 1 (sirtl) activation by the agent resveratrol protected



Zhang et al. Cardiovasc Diabetol (2018) 17:160

Page 10 of 12

a b
PGC-la— W .
B-actin —SEE—_— S

B-actin- SN S —

Cc

Tram— g
Bractin— ey Wy

# NS
1.5 T - # 1 6 r NS ' 5 e ' i :
2 y ' L ] T - 17 = 1 ') —i_ I
[] -
[
3 [ 3 1 S
= 1.0 4 3
S £ £
8 g g
n- S - 2-
S 0.5 Py o
bl T £
8 : g
4 2 = EE [
0.0 0 o
CON DM DM-A CON DM DM-A CON DM DM-A

Fig. 6 Protein expression levels of mitochondrial biogenesis-related proteins in left ventricular tissue estimated by Western blot analysis. a-c
PGC-1a, NRF-1, and Tfam protein levels. **P < 0.01 versus CON group; *P < 0.05 versus DM group; #P<0.01 versus DM group. n=3 to 6 per group

against diabetes-related cardiac dysfunction by improv-
ing mitochondrial biogenesis via the PGC-1a pathway
[54].

Study limitations

Several limitations of the present study should be
acknowledged. Firstly, as we only used one medication
of the DPP-4 inhibitor class, further studies are needed
whether the effects of alogliptin represent a class effect.
Secondly, we did not examine calcium handling and cel-
lular apoptosis, which could contribute to the patho-
genesis of diabetic cardiomyopathy. Thirdly, the extent
to which the angiotensin II pathway, which is known to
induce fibrosis, played a role remains uncertain. Fourthly,
C.,..x Of alogliptin was not measured in our study. More-
over, biomarkers such as B-type natriuretic protein and
advanced glycation products, and parameters such as
Hbalc, were also not measured. Finally, it is unclear the
extent to the improved diastolic function can be attrib-
uted to better glycemic control. Further studies can
examine whether electrophysiological abnormalities
observed in diabetes can be prevented by alogliptin.

Conclusions

The DPP-4 inhibitor alogliptin prevents cardiac diastolic
dysfunction by inhibiting ventricular remodeling, expli-
cable by improved mitochondrial function and increased
mitochondrial biogenesis.
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