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Abstract

Although a physiological dose of testosterone replacement therapy (p-TRT) has been 
shown to improve left ventricular (LV) function, some studies reported that it increased 
the risk of myocardial infarction in testosterone-deprived men. We previously reported 
that vildagliptin might be used as an alternative to p-TRT. In this study, we hypothesized 
that a combined low-dose TRT with vildagliptin exerts greater efficacy than single 
regimen in improving cardiometabolic function in obese, insulin-resistant rats with 
testosterone deprivation. Male rats were fed on a normal diet or high-fat diet for 
12 weeks. Then, they were divided into two subgroups, sham operation and orchiectomy 
(normal diet rats with orchiectomy (NDO), high-fat diet rats with orchiectomy (HFO)) 
and fed their diets for another 12 weeks. At week 25, orchiectomized rats were 
subdivided into four groups: vehicle, p-TRT, vildagliptin and combined drugs. At week 
29, cardiometabolic and biochemical parameters were determined. HFO rats had obese 
insulin resistance with a worse LV dysfunction, compared with sham. Vildagliptin and 
combined drugs effectively reduced insulin resistance. All treatments reduced blood 
pressure, cardiac autonomic imbalance, LV dysfunction, mitochondrial dysfunction, 
apoptosis and increased mitochondrial fusion in NDO and HFO rats. However, p-TRT and 
combined drugs, but not vildagliptin, reduced mitochondrial fission in NDO and HFO 
rats. We concluded that combined low-dose TRT with vildagliptin mitigated LV function 
at a similar level to the p-TRT alone and vildagliptin via improving mitochondrial fusion, 
reducing mitochondrial dysfunction and apoptosis in testosterone-deprived rats. Our 
findings suggest that low-dose TRT combined with vildagliptin may be an alternative for 
p-TRT in conditions of obese insulin resistance with testosterone deprivation.
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Introduction

The global prevalence of obesity is gradually increasing 
(Reilly et  al. 2018), and long-term high-fat diet (HFD) 
consumption is one of several causes of obesity (Apaijai 
et al. 2012, Hruby & Hu 2015). Our previous studies showed 
that 12 weeks of HFD consumption led to obesity, insulin 
resistance and dyslipidemia in rats (Pratchayasakul et al. 
2011, Apaijai et al. 2012) and is associated with an increase 
in blood pressure, cardiac sympathovagal imbalance and 
LV dysfunction (Apaijai et al. 2012, Apaiajai et al. 2018). 
Moreover, we have shown that testosterone deprivation 
increased the severity of LV dysfunction in obese, insulin-
resistant rats (Apaiajai et al. 2018), and it is also associated 
with a worsening of cardiac mitochondrial dysfunction 
and cardiac apoptosis (Apaiajai et al. 2018).

A physiological dose of testosterone replacement 
therapy (TRT) has been shown to be beneficial in male 
patients who had hypogonadism (Byrne & Nieschlag 2003, 
Bhasin et al. 2018). In animal studies, a physiological dose of 
TRT improved cardiac contractility in orchiectomized rats 
(Eleawa et al. 2013), reduced LV dysfunction and infarct size 
in orchiectomized rats with cardiac ischemia/reperfusion 
injury (Pongkan et al. 2015) and promoted angiogenesis 
in orchiectomized rats with acute myocardial infarction 
(Chen et al. 2012). Results from a clinical study showed 
that a physiological dose of TRT increased mortality rate 
and risk of myocardial infarction in testosterone-deprived 
subjects with cardiovascular diseases (Finkle et al. 2014). 
Recently, several pharmacological interventions have been 
investigated as an alternative to testosterone (Pongkan 
et al. 2016, Bae et al. 2017). A dipeptidyl peptidase-4 (DPP-
4) inhibitor, vildagliptin, has been shown to improve both 
peripheral insulin resistance and LV function in a similar 
manner to the physiological dose of TRT without any 
changes in plasma testosterone levels in orchiectomized 
rats with obese insulin resistance (Pongkan et  al. 2016). 
On the other hand, vildagliptin failed to prevent the 
cognitive impairment in those rats (Pintana et al. 2015). 
Thus, a combined low-dose TRT with vildagliptin may 
provide a great benefit in the treatment of obese subjects 
with testosterone deprivation. However, the effects of a 
combined low-dose TRT with vildagliptin on metabolic 
parameters and LV function have never been investigated. 
In this study, we hypothesized that the combined low-
dose TRT with vildagliptin exerts greater efficacy than 
either single regimen in improving metabolic parameters 
and LV function via attenuating cardiac mitochondrial 
dysfunction and apoptosis in obese, insulin-resistant rats 
with testosterone deprivation.

Materials and methods

All experimental protocols in this study were approved 
by the Faculty of Medicine, Chiang Mai University 
Institutional Animal Care and Use committee (permit no. 
17/2560); experimental procedures were carried out in 
compliance with NIH guidelines, and in accordance with 
the ARRIVE guidelines for reporting animal research.

Animals and experimental design

Male Wistar rats weighing between 180 and 200 g were 
obtained from Nomura Siam International company, 
Bangkok, Thailand (n = 60). Rats were housed in a room 
with controlled temperature (25°C) and humidity, and 
they were allowed to acclimatize for 7 days prior to the 
experiment. Rats were randomly divided into two dietary 
groups (n = 30/group) – a normal diet group (ND: a standard 
laboratory rat diet containing 19.77% E fat) and a high-
fat diet group (HFD: a diet containing 59.28% E fat). All 
rats could access both diet and water ad libitum. Rats were 
fed with their assigned diet for 12 weeks to induce obese 
insulin resistance in the HFD group (Pratchayasakul et al. 
2011, Apaiajai et al. 2018). At week 13, rats in each dietary 
group were randomly divided into two operation groups: 
(1) sham operation (ND rats with sham operation; NDS 
and HFD rats with sham operation; HFS; n = 6/group) and 
(2) orchiectomy (ORX; ND rats with orchiectomy (NDO) 
and HFD rats with orchiectomy (HFO); n = 24/group). 
A bilateral orchiectomy (ORX) was performed using a 
sterile technique as previously described (Pongkan et al. 
2015, Apaiajai et al. 2018). After confirming testosterone 
deprivation aggravated LV dysfunction as previously 
described (Apaiajai et  al. 2018), rats after 12  weeks of 
orchiectomy (ORX) were pharmacologically intervened 
(Apaiajai et  al. 2018). Pharmacological interventions 
were given to the rats after 12  weeks of ORX. Thus, in 
week 25, NDO and HFO rats were subdivided into 
four pharmacological intervention groups as follows:  
(1) vehicle (NDOV and HFOV; rats were given castor oil via 
s.c. injection; n = 6/group); (2) physiological dose of TRT 
(NDOT and HFOT; rats were given 2 mg/kg of testosterone 
via s.c. injection; n = 6/group) (Pintana et al. 2015, Pongkan 
et al. 2016); (3) DPP-4 inhibitor vildagliptin (NDOVil and 
HFOVil; rats were given 3 mg/kg of vildagliptin via gavage 
feeding) (Pintana et  al. 2015, Pongkan et  al. 2016) and  
(4) combined low-dose TRT and DPP-4 inhibitor (NDOVilT 
and HFOVilT; rats were given 1 mg/kg of testosterone 
via s.c. injection and 3 mg/kg of vildagliptin via gavage 
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feeding). NDS and HFS rats were given castor oil via s.c. 
injection. Rats were given their assigned interventions 
for 4  weeks, and then metabolic parameters and LV 
function were determined. After the invasive LV function 
was carried out at the end of the protocol, rats were 
decapitated. The heart was rapidly removed to determine 
the cardiac mitochondrial function and dynamics and  
the level of apoptosis. The experimental protocol is shown 
in Fig. 1.

Determination of metabolic parameters

Body weight and food intake were recorded weekly, and 
visceral fat weight was recorded after decapitation. The 
blood was collected from the tail tip, and centrifuged at 
1077 g for 10 min. The plasma was collected to allow the 
determination of plasma testosterone, insulin, glucose, 
triglyceride, total cholesterol and high-density lipoprotein 
cholesterol (HDL-C) levels (Apaiajai et al. 2018).

Plasma testosterone levels were determined using 
the ELISA technique at the Central Laboratory Service 
of Maharaj Nakorn Chiang Mai Hospital, Faculty of 
Medicine, Chiang Mai University. Plasma insulin 

levels were determined using a commercial ELISA kit 
(Merck Millipore). Plasma glucose, total cholesterol and 
triglyceride levels were determined using commercial 
colorimetric kits (Erba Mannheim, Mannheim, Germany). 
The degree of insulin resistance was assessed by the HOMA 
index, which was calculated from fasting plasma insulin 
and fasting plasma glucose concentration. Plasma HDL-C 
levels were determined using a commercial colorimetric 
kit (BioVision Inc., California, USA). Plasma low-density 
lipoprotein cholesterol (LDL-C) levels were calculated 
using the Friedewald formula (Apaiajai et al. 2018).

Blood pressure determination and heart rate 
variability determination

Systolic blood pressure (SBP) and diastolic blood pressure 
(DBP) were determined in conscious rats using a non-
invasive volume-pressure recording tail cuff method 
(CODA-2, Kent scientific, Connecticut, USA) (Apaiajai 
et al. 2018).

Heart rate variability (HRV) was determined as 
described previously (Apaijai et  al. 2013, Apaiajai et  al. 
2018). In brief, a lead II electrocardiogram (ECG) was 

Figure 1
Experimental protocol. BP, blood pressure; DPP-4, dipeptidyl peptidase 4; HFD, high-fat diet; HFO, high-fat diet rats with testosterone deprivation; HRV, 
heart rate variability; LV, left-ventricle; ND, normal diet; NDO, normal diet rats with testosterone deprivation; ORX, orchiectomy; T, physiological dose 
testosterone replacement therapy; V, vehicle; VilT, combined low-dose testosterone replacement therapy with vildagliptin.
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recorded in conscious rats for 20 min (PowerLab 4/25T, 
AD instruments, Sydney, Australia). The stable ECG 
was used to analyze the data. At least 300 consecutive 
RR intervals were chosen, and the power spectra of RR 
intervals were obtained using the Fast Fourier Transform 
algorithm. A high-frequency band (HF; 0.04–0.15 Hz), 
a low-frequency band (LF; 0.15–0.4 Hz) and a very-low 
frequency band (VLF <0.15 Hz) were detected. Then, the 
HF and LF were divided by the total power minus VLF 
in order to minimize the effect of changes in total power 
on both frequency bands. LF indicates a combination of 
sympathetic and parasympathetic activities, while HF 
indicates parasympathetic activity. The LF/HF ratio was 
used as an indicator for cardiac sympathovagal balance 
(Apaijai et al. 2013, Apaiajai et al. 2018).

Determination of LV function

Non-invasive LV function was determined using an 
echocardiograph. Rats were lightly anesthetized using 1% 
isoflurane. An S12 probe was placed on the chest at the 
parasternal short axis and connected to the machine (GE 
vivid-i, GE healthcare). The M-mode echocardiogram was 
recorded at the papillary levels. The %LV ejection fraction 
(EF) was determined as an indicator of LV function 
(Apaiajai et al. 2018).

At the end of the treatment period, invasive LV 
function was determined using pressure–volume (P–V) 
loop analysis. Rats were deeply anesthetized using a 
combination of 50 mg/kg-Zoletil (Virbac, Bangkok, 
Thailand) and 3 mg/kg-Xylazine (LBS Labs, Bangkok, 
Thailand) via intramuscular injection. The right carotid 
artery was identified, and a P–V admittance catheter (1.9F 
VSL catheter; Transonic Scisense, NY, USA) was inserted 
through the right carotid artery and advanced into the 
LV. Then, the P–V catheter was connected to the P–V 
recording system (ADV500, Transonic), and the signals 
were recorded via a Labscribe 2 program (iworx, NH, USA). 
LV function, including heart rate (HR), end-systolic and 
diastolic pressure (ESP, EDP), ±dP/dt and stroke volume 
(SV), was recorded and analyzed (Apaiajai et al. 2018).

Cardiac mitochondrial function

The heart was removed and used to determine the cardiac 
mitochondrial function. The heart tissue was minced and 
homogenized in an ice-cold buffer. The homogenates were 
subjected to differential centrifugation, and the cardiac 
mitochondria were obtained. The cardiac mitochondrial 

protein content was determined using a bicinchoninic 
acid (BCA) assay (Apaijai et al. 2013).

Cardiac mitochondrial reactive oxygen species (ROS) 
determination
Cardiac mitochondria (0.4 mg/mL) were stained with 
2 µM dichloro-dihydro-fluorescein diacetate (DCFH-DA) 
dye and incubated at 25°C for 20 min. The fluorescence 
intensity of DCF was detected at λex 485 nm and λem 
530 nm using a fluorescent microplate reader (BioTek). 
An increased DCF fluorescence intensity indicates an 
increased cardiac mitochondrial ROS level (Apaijai et al. 
2013).

Cardiac mitochondrial membrane potential changes
Cardiac mitochondria (0.4 mg/mL) were stained with 
5 µM JC-1 dye and incubated at 37°C for 30 min. The 
JC-1 aggregation form was detected at λex 485 nm and λem 
590 nm, and the JC-1 monomer form was detected at λex 
485 nm and λem 530 nm. The ratio of JC-1 aggregation/JC-1 
monomer, that is, a red/green fluorescent intensity ratio, 
was used to indicate mitochondrial membrane potential 
changes. A decrease in a red/green fluorescence intensity 
ratio indicates mitochondrial membrane depolarization 
(Apaijai et al. 2013).

Cardiac mitochondrial swelling
Cardiac mitochondria (0.4 mg/mL) in a respiration buffer 
were used to determine cardiac mitochondrial swelling. 
The absorbance was detected at 540 nm, and a reduction 
of the absorbance indicates cardiac mitochondrial 
swelling (Apaijai et  al. 2013). Cardiac mitochondrial 
morphology was also investigated using a transmission 
electron microscope (TEM) (Apaijai et al. 2013).

Cardiac mitochondrial respiration
Cardiac mitochondrial respiration was assessed using a 
high-throughput automated 96-well extracellular flux 
analyzer (XFe96, Agilent seahorse, CA, USA). 0.5 mg/mL  
of cardiac mitochondrial protein was used, and 
mitochondria were suspended in a medium buffer 
containing 100 mM KCl, 10 mM HEPES, 5 mM KH2PO4 
and pH 7.2 in the presence of 0.2% fatty acid free bovine 
serum albumin (BSA). The XFe96 plate was coated with 
polyethylenimine (1:15,000 dilution), and incubated 
overnight at 37°C, and the polyethylenimine was removed 
in the assay day. 20 µL of 0.5 mg/mL of isolated cardiac 
mitochondria were loaded into the XFe96 plate, and then 
mitochondria were centrifuged at 3000 g for 7 min at 
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4°C. Then, the mitochondria were incubated for 30 min 
at 37°C before starting the assay. Firstly, pyruvate/malate 
(final concentration: 5 mM each) was added as NADH-
linked substrates, followed by ADP (final concentration: 
1 mM) administration to determine mitochondrial state 3 
respiration. State 4 respiration was measured after adding 
oligomycin (final concentration: 1 µM). The respiratory 
control ratio was calculated from state 3/state 4 respiration 
and reported as cardiac mitochondrial function (Apaiajai 
et al. 2018).

Western blot analysis

The apex of the heart was used to carry out Western blot 
analysis. Sixty micrograms of the total protein from the 
tissue were mixed with a loading buffer, and the protein 
was loaded onto 10% SDS-acrylamide gels and separated 
by electrophoresis. Then, the proteins were transferred 
onto a 45-µm nitrocellulose membrane (GE healthcare) 
in a wet-tank blotting system (Bio Rad). The membranes 
were blocked in 5% skim milk or 5% BSA in a Tris-
buffered saline and Tween (TBST). The membranes were 
incubated overnight with primary antibodies including 
peroxisome proliferator-activated receptor (PGC-1α), 
carnitine palmitoyltransferase 1 (CPT-1), optic atrophy 
protein 1 (OPA1), phosphorylation of dynamin-related 
protein 1 at serine 616 (p-Drp1ser616) and dynamin-related 
protein 1 (Drp1). Then, the membranes were transferred 
to secondary antibodies. These membranes were exposed 
to an enhanced chemiluminescent substrate (Clarity 
Western ECL Substrate, Bio Rad). The Western blot 
pictures and densitometric analysis were carried out using 
the ChemiDoc Imaging system with Image Lab software 
(Bio Rad) (Apaijai et al. 2013).

TUNEL assay

Cardiac apoptosis was determined using TUNEL-positive 
cells (Roche). For in situ labeling, the mid-section of 
the cardiac tissue slices was placed in 1× PBS for 10 min 
after dehydration. The samples were covered with 50 µL 
of Proteinase k solution (1:50) for 30 min followed by 
50 µL of Cytonin for 120 min. For positive control, the 
samples were covered with TACS nuclease 1:50 in TACS 
nuclease buffer. TUNEL-positive cells were detected with 
a fluorescence microscope (Nikon) at λex 494 nm and λem 
512 nm. DAPI was detected at λex 358 nm and λem 461 nm. 
The apoptosis index was calculated as a percentage of the 
number of TUNEL-positive apoptotic cells over the total 

number of nucleated cells (DAPI staining) (Nuntaphum 
et al. 2018).

Statistical analysis

Data are presented as mean ± s.e. All statistical analyses 
were performed using GraphPad 6.0. Data were analyzed 
using a one-way ANOVA followed by Tukey’s post-hoc test; 
P < 0.05 was considered statistically significant.

Results

Combined low-dose TRT with vildagliptin improved 
metabolic parameters in obese, insulin-resistant rats 
with testosterone deprivation

In the NDOV group, ORX reduced both body and visceral 
fat weight, compared with those in NDS (Fig. 2A and B). 
Treatment with physiological dose TRT and combined 
low-dose TRT with vildagliptin, but not vildagliptin 
alone, increased body weight in NDOV rats, compared 
with NDS rats (Fig. 2A and B). These results indicated that 
this improvement in ND rats was due to testosterone, not 
vildagliptin.

In the HFS group, HFD rats had higher body and 
visceral fat weight than NDS rats (Fig. 2A and B). In the 
HFOV group, HFOV rats had lower body weight and 
visceral fat weight than HFS rats (Fig. 2A and B). Treatment 
with a physiological dose of TRT and combined low-
dose TRT with vildagliptin, but not vildagliptin alone, 
increased body weight in HFO rats, compared with HFOV 
rats (Fig.  2A). However, all treatments did not affect 
visceral fat weight in both NDO and HFO rats, compared 
with NDOV and HFOV rats (Fig. 2B). Similar to ND rats, 
these results indicated that this improvement in HFO rats 
was due to testosterone, not vildagliptin.

In the HFD groups, plasma testosterone levels were 
not affected when compared with NDS rats (Fig.  2C). 
ORX effectively reduced plasma testosterone levels in 
both NDOV and HFOV rats, compared with the sham 
operation groups (Fig. 2C). Treatment with a physiological 
dose TRT and a combined low-dose TRT with vildagliptin, 
but not vildagliptin alone, restored plasma testosterone 
levels in both NDO and HFO rats, compared with NDOV 
and HFOV rats (Fig. 2C). These results indicated that the 
increased plasma testosterone in NDO and HFO rats was 
due to testosterone, not vildagliptin.

With regard to insulin resistance parameters in the 
HFD group, the HFD increased plasma insulin levels and 
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HOMA-IR index without any changes in plasma glucose 
levels, compared with NDS rats (Fig. 2D, E and F). In the 
HFOV group, ORX did not affect plasma insulin levels, 
glucose levels or HOMA-IR index, when compared with 
HFS rats (Fig.  2D, E and F). Treatment with vildagliptin 
and combined low-dose TRT with vildagliptin, but not 
a physiological dose TRT, reduced plasma insulin levels 
and HOMA-IR index in HFO rats, compared with HFOV 
rats (Fig.  2D, E and F). These results indicated that an 
improved insulin-resistant status in HFO rats was due to 
vildagliptin, not testosterone.

With regard to lipid profiles in the HFD group, HFD 
increased plasma total cholesterol and LDL-C levels, 
compared with NDS rats (Fig.  3A and D). In the HFOV 
group, ORX did not affect plasma lipid profiles, when 
compared with HFS rats (Fig. 3A and D). Treatment with 
vildagliptin, a physiological dose TRT and combined low-
dose TRT with vildagliptin reduced both plasma total 

cholesterol and LDL-C levels in HFO rats, compared with 
HFOV rats (Fig. 3A and D). However, plasma triglyceride 
and HDL-C levels were no different between the groups 
(Fig. 3B and C). In the ND group, all lipid profile parameters 
were no different between groups (Fig. 3A, B, C and D). 
These results indicated that an improvement in plasma 
lipid profiles in HFO rats was due to both vildagliptin and 
testosterone.

Combined low-dose TRT with vildagliptin improved LV 
function and cardiac autonomic balance and reduced 
BP in obese, insulin-resistant rats with testosterone 
deprivation

In NDO rats the %LV EF was decreased, whereas the  
LF/HF ratio, SBP and DBP were increased 12 weeks after 
ORX, compared with NDS rats (Fig.  4A, B, C and D). 
Treatment with vildagliptin, a physiological dose TRT 

Figure 2
The effects of vildagliptin, a physiological dose 
TRT, and combined low-dose TRT with vildagliptin 
on metabolic parameters. (A) Body weight, (B) 
visceral fat weight, (C) plasma testosterone levels, 
(D) plasma glucose levels, (E) plasma insulin levels, 
(F) HOMA-IR index. *P < 0.05 vs NDS, †P < 0.05 vs 
HFS, ‡P < 0.05 vs orchiectomized rats treated with 
vehicle on the same diet. HFO, high-fat diet rats 
with orchiectomy; HFS, high-fat diet rats with 
sham operation; HOMA, homeostatic model 
assessment; NDO, normal diet rats with 
orchiectomy; NDS, normal diet rats with sham 
operation; T, physiological dose testosterone 
replacement therapy; V, vehicle; Vil, vildagliptin; 
VilT, combined low-dose testosterone 
replacement therapy with vildagliptin.
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and combined low-dose TRT with vildagliptin improved 
%LVEF, LF/HF ratio, SBP, DBP and EDP, compared with 
NDOV rats (Fig. 4E, F, G and H).

At week 12 after the operation, HFS rats had a 
decreased %LV EF and an increased LF/HF ratio, SBP and 
DBP, compared with NDS rats (Fig. 4A, B and C). In the 
HFO group, %LV EF markedly decreased, whereas the  
LF/HF ratio and SBP were markedly increased, compared 
with HFS rats (Fig. 4A, B and C). However, the DBP was no 
different between HFS and HFO rats (Fig. 4D).

After 4  weeks of treatment of the HFO rats, the 
vildagliptin, a physiological dose TRT and combined 
low-dose TRT with vildagliptin all led to an increased 
%LV EF, compared with HFOV rats (Fig.  4E). However, 
all treatments decreased the LF/HF ratio, SBP and DBP to 
similar extents when compared with HFOV rats (Fig. 4F, 
G and H).

Invasive LV function was determined and the data 
demonstrated that HR, ESP and dP/dt max were no 
different among groups (Fig. 5A, B and D). In the NDOV 
group, EDP and SV were decreased, compared with 
NDS rats (Fig.  5C and F). Treatment with vildagliptin, 
a physiological dose of TRT and combined low-dose 
TRT with vildagliptin improved EDP and SV in NDO 
rats, compared with NDOV rats (Fig.  5C and F). In the 
HFS group, EDP was increased, dP/dt min and SV were 
decreased, compared with NDS rats (Fig.  5C, E and F). 
In the HFOV group, EDP was markedly increased, dP/dt 
min and SV were markedly decreased, compared with 
HFS rats (Fig. 5C, E and F). Treatment with vildagliptin, 

physiological dose of TRT, and combined low-dose TRT 
with vildagliptin improved EDP, dP/dt min and SV in HFO 
rats, compared with HFOV rats (Fig. 5C, E and F). These 
results indicated that the cardiac adverse effects could be 
attenuated by both vildagliptin and testosterone.

Combined low-dose TRT with vildagliptin improved 
cardiac mitochondrial function in obese,  
insulin-resistant rats with testosterone deprivation

In the NDOV group, ORX reduced the respiratory control 
ratio and increased mitochondrial ROS production and 
mitochondrial swelling, when compared with the NDS 
group (Fig.  6A, B and D). Treatment with vildagliptin, 
a physiological dose TRT and combined low-dose TRT 
with vildagliptin all improved the respiratory control 
ratio, mitochondrial ROS production and mitochondrial 
swelling, compared with NDOV rats (Fig. 6A, B and D). The 
representative pictures of cardiac mitochondria are shown 
in Fig.  6E. However, ORX did not affect mitochondrial 
membrane potential in ND rats (Fig. 6C).

In the HFS group, the respiratory control ratio 
was decreased, mitochondrial ROS production, 
mitochondrial membrane depolarization and 
mitochondrial swelling all being increased when 
compared with NDS rats (Fig.  6A, B, C and D). In the 
HFOV group, respiratory control ratio was markedly 
decreased, along with a marked increase in mitochondrial 
ROS production and mitochondrial swelling (Fig.  6A, 
B and D), compared with HFS rats. Treatment with 

Figure 3
The effects of vildagliptin, a physiological dose 
TRT, and combined low-dose TRT with vildagliptin 
on plasma lipid profiles. (A) Plasma total 
cholesterol levels, (B) plasma triglyceride levels, 
(C) plasma HDL-C levels, (D) plasma LDL-C levels. 
*P < 0.05 vs NDS, †P < 0.05 vs HFS, ‡P < 0.05 vs 
orchiectomized rats treated with vehicle on the 
same diet. HFO, high-fat diet rats with 
orchiectomy; HFS, high-fat diet rats with sham 
operation; NDO, normal diet rats with 
orchiectomy; NDS, normal diet rats with sham 
operation; T, physiological dose testosterone 
replacement therapy; V, vehicle; Vil, vildagliptin; 
VilT, combined low-dose testosterone 
replacement therapy with vildagliptin.
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vildagliptin, a physiological dose TRT, and combined 
low-dose TRT with vildagliptin improved the respiratory 
control ratio and decreased mitochondrial ROS 
production, mitochondrial membrane depolarization 
and mitochondrial swelling, compared to HFOV rat 
data (Fig. 6A, B, C and D). The representative pictures of 
cardiac mitochondria are shown in Fig. 6E. These results 
indicated that these improvements were due to both 
vildagliptin and testosterone.

Combined low-dose TRT with vildagliptin improved 
cardiac mitochondrial biogenesis, mitochondrial 
dynamics and reduced cardiac apoptosis in obese, 
insulin-resistant rats with testosterone deprivation

In the NDOV group, ORX reduced PGC-1α, CPT-1, OPA1 
and increased p-Drp1ser616/Drp1 protein expression, 
compared with NDS rats (Fig. 7A, B, C and D). Treatment 
with vildagliptin, a physiological dose TRT and combined 

Figure 4
The effects of vildagliptin, a physiological dose 
TRT, and combined low-dose TRT with vildagliptin 
on LV function, cardiac autonomic function, and 
blood pressure. (A) %LV EF prior to treatment, (B) 
LF/HF ratio prior to treatment, (C) SBP prior to 
treatment, (D) DBP prior to treatment, (E) %LV EF 
after treatment, (F) LF/HF ratio after treatment, 
(G) SBP after treatment, (H) DBP after treatment. 
*P < 0.05 vs NDS, †P < 0.05 vs HFS, ‡P < 0.05 vs 
orchiectomized rats treated with vehicle on the 
same diet. DBP, diastolic blood pressure; HFO, 
high-fat diet rats with orchiectomy; HFS, high-fat 
diet rats with sham operation; NDO, normal diet 
rats with orchiectomy; NDS, normal diet rats with 
sham operation; LF/HF ratio, low-frequency/
high-frequency ratio; LV, left-ventricle; SBP, 
systolic blood pressure; T, physiological dose 
testosterone replacement therapy; V, vehicle; Vil, 
vildagliptin; VilT, combined low-dose testosterone 
replacement therapy with vildagliptin.

Downloaded from Bioscientifica.com at 05/22/2023 11:11:39PM
via free access

https://doi.org/10.1530/JOE-18-0673
https://joe.bioscientifica.com


https://doi.org/10.1530/JOE-18-0673
https://joe.bioscientifica.com © 2019 Society for Endocrinology

Published by Bioscientifica Ltd.
Printed in Great Britain

475

Research

A Arinno, N Apaijai et al. Testosterone and vildagliptin in 
castrated rat

240:3Journal of 
Endocrinology

low-dose TRT with vildagliptin increased PGC-1α, CPT-1,  
OPA1 protein expression in NDO rats, compared with 
NDOV rats (Fig.  7A, B and D). In addition, treatment 
with a physiological dose TRT and combined low-
dose TRT with vildagliptin, but not vildagliptin alone, 
reduced p-Drp1ser616/Drp1 protein expression in HFO rats, 
compared with HFOV rats (Fig. 7C).

In HFS rats, our Western blot data showed that HFD 
decreased PGC-1α, CPT-1, increased p-Drp1ser616/Drp1 and 
reduced OPA1 protein expression, in comparison to NDS 
rats (Fig. 7A, B, C and D). In the HFOV group, ORX did not 
affect PGC-1α, CPT-1, p-Drp1ser616/Drp1 and OPA1 protein 
expression, compared with the results from the HFS 
group (Fig. 7A, B, C and D). Treatment with vildagliptin, 
a physiological dose TRT, and combined low-dose TRT 
with vildagliptin enhanced the expression of all proteins, 
PGC-1α, CPT-1 and OPA-1 in HFO rats, compared with 
HFOV rats (Fig. 7A, B and D). In addition, a physiological 
dose TRT and combined low-dose TRT with vildagliptin, 

but not vildagliptin alone, reduced p-Drp1ser616/Drp1 
protein expression in HFO rats, compared with HFOV rats 
(Fig. 7C). These results indicated that vildagliptin alone 
could not reduce mitochondrial fission in both NDO and 
HFO rats.

As regards cardiac apoptosis, in ND rats, the higher 
TUNEL+ cells were found in NDOV rats than NDS rats 
(Fig. 8A and B). Treatment with vildagliptin, physiological 
dose TRT and combined low-dose TRT with vildagliptin 
reduced TUNEL+ cells in NDO rats, compared to NDOV 
(Fig. 8A and B). In the HFD group, HFS rats had higher 
numbers of TUNEL+ cells than NDS rats (Fig. 8A and B), 
and ORX markedly increased numbers of TUNEL+ cells, 
compared with HFS rats (Fig. 8A and B). Treatment with 
vildagliptin, a physiological dose TRT and combined low-
dose TRT with vildagliptin all led to a decrease in TUNEL+ 
cells in HFO rats, compared with HFOV (Fig. 8A and B). 
These results indicated that this improvement was due to 
both vildagliptin and testosterone.

Figure 5
The effects of vildagliptin, a physiological dose 
TRT, and combined low-dose TRT with vildagliptin 
on invasive LV function parameters. (A) HR, (B) 
ESP, (C) EDP, (D) dP/dt max, (E) dP/dt min, (F) SV. 
*P < 0.05 vs NDS, †P < 0.05 vs HFS, ‡P < 0.05 vs 
orchiectomized rats treated with vehicle on the 
same diet. EDP, end diastolic pressure; ESP, 
end-systolic pressure; HFO, high-fat diet rats with 
orchiectomy; HFS, high-fat diet rats with sham 
operation; HR, heart rate; NDO, normal diet rats 
with orchiectomy; NDS, normal diet rats with 
sham operation; SV, stroke volume; T, 
physiological dose testosterone replacement 
therapy; V, vehicle; Vil, vildagliptin; VilT, combined 
low-dose testosterone replacement therapy with 
vildagliptin.
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Discussion

The major findings of this study are as follows:  
(1) testosterone deprivation caused body weight loss 
in lean and obese insulin-resistant rats, but it did not 
aggravate metabolic impairments in obese, insulin-
resistant rats; (2) testosterone deprivation impaired LV 
function in lean rats, and it aggravated LV dysfunction 
in obese, insulin-resistant rats; (3) a physiological dose 
TRT and combined low-dose TRT with vildagliptin 
restored plasma testosterone levels and increased body 
weight in both lean and obese, insulin-resistant rats with 
testosterone deprivation; (4) vildagliptin and combined 
low-dose TRT with vildagliptin improved insulin-resistant 
status in obese, insulin-resistant rats with testosterone 
deprivation; (5) vildagliptin, a physiological dose TRT, 
and combined low-dose TRT with vildagliptin improved 
LV function to similar extents in both lean and obese, 
insulin-resistant rats with testosterone deprivation via 

the reduction of cardiac mitochondrial dysfunction 
and apoptosis, and increasing mitochondrial fusion; 
(6) physiological dose TRT and combined low-dose TRT 
with vildagliptin, but not vildagliptin alone, reduced 
mitochondrial fission in both lean and obese insulin-
resistant rats with testosterone deprivation.

Our previous studies reported that long-term 
HFD consumption induced obesity and metabolic 
impairments such as hyperinsulinemia and dyslipidemia 
(Pratchayasakul et  al. 2011, Apaijai et  al. 2012, 2013, 
Pintana et al. 2015, Pongkan et al. 2016, Apaiajai et al. 2018). 
Consistent with those studies, in this study, the HFD-fed 
rats developed obesity and insulin resistance as indicated 
by body weight gain, hyperinsulinemia and euglycemia. 
A review of clinical data shows that obese non-diabetic 
men have lower serum free testosterone levels (Dhindsa 
et  al. 2010), and it is associated with cardiovascular 
risk (Cassimatis et  al. 2016). Therefore, the bilateral 
ORX was done in both obese, insulin-resistant rats and 

Figure 6
The effects of vildagliptin, a physiological dose 
TRT, and combined low-dose TRT with vildagliptin 
on cardiac mitochondrial function. (A) Respiratory 
control ratio, (B) mitochondrial ROS levels,  
(C) mitochondrial membrane potential changes, 
(D) mitochondrial swelling, (E) representative 
pictures of cardiac mitochondria. *P < 0.05 vs 
NDS, †P < 0.05 vs HFS, ‡P < 0.05 vs orchiectomized 
rats treated with vehicle on the same diet. HFO, 
high-fat diet rats with orchiectomy; HFS, high-fat 
diet rats with sham operation; NDO, normal diet 
rats with orchiectomy; NDS, normal diet rats with 
sham operation; ROS, reactive oxygen species; T, 
physiological dose testosterone replacement 
therapy; V, vehicle; Vil, vildagliptin; VilT, combined 
low-dose testosterone replacement therapy with 
vildagliptin.
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lean rats to represent the pathology of cardiometabolic 
impairments. Although data from clinical study reported 
that obesity is strongly associated with testosterone 
deprivation (Eriksson et  al. 2017), plasma testosterone 

level was not decreased in our obese, insulin-resistant 
rats. This inconsistent finding could be due to the short 
duration of HFD feeding used (28  weeks) in our study. 
This is supported by previous reports in which study by 

Figure 7
The effects of vildagliptin, a physiological dose 
TRT, and combined low-dose TRT with vildagliptin 
on cardiac mitochondrial biogenesis and 
dynamics. (A) PGC-1α protein expression,  
(B) CPT-1 protein expression, (C) p-Drp1ser616/Drp1 
protein expression, (D) OPA-1 protein expression. 
*P < 0.05 vs NDS, †P < 0.05 vs HFS, ‡P < 0.05 vs 
orchiectomized rats treated with vehicle on the 
same diet. CPT-1, carnitine palmitoyl transferase 
1; Drp1, dynamin-related protein 1; HFO, high-fat 
diet rats with orchiectomy; HFS, high-fat diet rats 
with sham operation; NDO, normal diet rats with 
orchiectomy; NDS, normal diet rats with sham 
operation; OPA-1, optic atrophy protein 1; 
PGC-1α, peroxisome proliferated receptor 1 
gamma; T, physiological dose testosterone 
replacement therapy; V, vehicle; Vil, vildagliptin; 
VilT, combined low-dose testosterone 
replacement therapy with vildagliptin.

Figure 8
The effects of vildagliptin, a physiological dose TRT, and combined low-dose TRT with vildagliptin on cardiac apoptosis. (A) Representative pictures of 
TUNEL, (B) TUNEL+ cells/DAPI. *P < 0.05 vs NDS, †P < 0.05 vs HFS, ‡P < 0.05 vs orchiectomized rats treated with vehicle on the same diet. HFO, high-fat diet 
rats with orchiectomy; HFS, high-fat diet rats with sham operation; NDO, normal diet rats with orchiectomy; NDS, normal diet rats with sham operation; 
T, physiological dose testosterone replacement therapy; V, vehicle; Vil, vildagliptin; VilT, combined low-dose testosterone replacement therapy with 
vildagliptin.
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Donner and colleagues reported that the rats fed with the 
obesogenic diet for 28 weeks had a similar level of serum 
testosterone level as the control rats (Donner et al. 2015), 
whereas Silva and colleagues reported that HFD feeding 
for 30  weeks effectively reduced plasma testosterone 
levels in obese rats, compared with lean rats (Silva et al. 
2015). Our data indicated that testosterone deprivation 
did not affect peripheral insulin-resistant status, but it 
led to a reduction in both body weight and visceral fat 
weight. Testosterone plays a role in regulating food intake 
via increasing neuropeptide Y (NPY), and the levels of 
NPY were reduced in median eminence, arcuate nucleus 
and ventromedial nucleus of the brain after ORX (Sahu 
et  al. 1989). The reduction of NPY caused a reduction 
in food intake (Pintana et al. 2015, Pongkan et al. 2016, 
Apaiajai et al. 2018), leading to a reduction in body weight 
and visceral fat weight. The physiological level of serum/
plasma testosterone in rats is 1.5–2.9 ng/mL (Pintana 
et al. 2015, Pongkan et al. 2016). The physiological dose 
of testosterone administered to the rats in this study was 
selected based upon the data from our previous studies 
(Pintana et  al. 2015, Pongkan et  al. 2015, 2016). We 
reported that testosterone, at 2 mg/kg via s.c. injection for 
8  weeks, effectively restored serum/plasma testosterone 
levels back to its physiological levels, and therefore was 
considered as a physiological dose of TRT. However, TRT 
has been reported to be associated with cardiovascular risk 
factors in the clinical setting such as impaired lipoprotein 
patterns, and it is related with an ischemic heart disease 
(Barrett-Connor 1995, Sinha-Hinkin et al. 2006, Fink et al. 
2018). Thus, a low-dose TRT was used in this study. Our 
results suggested that the combined low-dose TRT with 
vildagliptin provided a similar cardioprotective effects as a 
physiological dose, which might help to reduce the future 
side effects of TRT in testosterone-deprived subjects. 
This is the first study to show the beneficial effects of a 
combination of low-dose TRT and vildagliptin on insulin-
resistant status, lipid profiles and LV function in obese 
subjects with testosterone deprivation.

Treatment with a physiological dose of TRT and the 
combined drugs increased plasma testosterone levels and 
body weight in lean and obese insulin-resistant rats with 
testosterone deprivation. TRT has been shown to increase 
the fat free mass in men with hypogonadism (Bhasin et al. 
1997), and our results were consistent with this. However, 
although TRT increased body weight, the therapy did not 
affect visceral fat weight in both lean and obese, insulin-
resistant rats. These data suggested that TRT at both the 
physiological and low-dose increased body weight by 

increasing the fat free mass in lean and obese, insulin-
resistant rats with testosterone deprivation.

Regarding the insulin-resistant status, only 
vildagliptin and the combined drugs reduced insulin 
resistance in obese, insulin-resistant rats. Vildagliptin 
mainly inhibits DPP4 action, and prolongs the life span of 
glucagon like peptide 1 (Dei Cas et al. 2017). In addition 
it has been reported that vildagliptin is an antioxidant, 
and it helps to increase insulin receptor function, leading 
to an improved insulin sensitivity in obese, insulin-
resistant rats (Apaijai et al. 2013, Abdelsalam & Safar 2015, 
Pintana et  al. 2015). Our results clearly demonstrated 
that testosterone alone could not improve the peripheral 
insulin-resistant condition in this model.

When considering the lipid profiles, our data 
demonstrated that obese, insulin-resistant rats had high 
levels of both total and LDL-C cholesterol; however, 
testosterone deprivation did not affect the lipid profiles. 
All pharmacological interventions reduced plasma total 
cholesterol levels and LDL-C levels in similar proportions in 
obese, insulin-resistant rats with testosterone deprivation. 
Moreover, our data showed that the reduction in plasma 
lipid profiles was associated with an increased CPT-1 
protein expression. CPT-1 is a rate-limiting enzyme that 
controls fatty acid transport, which plays an important 
role in regulating lipid metabolism in several organs 
including the heart (Kerner & Hoppel 2000, Longo et al. 
2016). It has been shown that the expression of CPT-1 
was decreased in animals with metabolic syndrome 
(Schreurs et  al. 2010, Shen et  al. 2015). Moreover, the 
reduction of CPT-1 protein expression was found to be 
associated with the impairment of lipid metabolism, and 
increased plasma lipid profiles including cholesterol and 
triglyceride levels (Schreurs et al. 2010, Shen et al. 2015). 
Therefore, our data suggested that TRT and vildagliptin 
enhanced the expression of CPT-1, leading to improved 
lipid metabolism, and reduced plasma total cholesterol 
and LDL-C levels.

Although testosterone deprivation did not aggravate 
metabolic impairment, our results showed that it worsened 
LV dysfunction and cardiac autonomic imbalance, and 
blood pressure was markedly increased in obese, insulin-
resistant rats with testosterone deprivation, compared with 
intact obese, insulin-resistant rats. All pharmacological 
interventions effectively attenuated LV dysfunction, 
cardiac autonomic imbalance, and led to reduced blood 
pressure in both lean and obese, insulin-resistant rats with 
testosterone deprivation. We previously demonstrated 
that cardiac mitochondrial dysfunction including 
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increased ROS production, mitochondrial depolarization 
and mitochondrial swelling is responsible for a worsening 
of LV dysfunction in obese, insulin-resistant rats with 
testosterone deprivation (Apaiajai et al. 2018). In this study, 
our data showed that all pharmacological interventions 
effectively attenuated cardiac mitochondrial dysfunction 
as indicated by decreasing cardiac mitochondrial 
oxidative stress, mitochondrial membrane depolarization 
and mitochondrial swelling, leading to improved 
mitochondrial respiration. An improvement in cardiac 
mitochondrial respiration is associated with an increase 
in mitochondrial ATP production (Brand & Nicholls 
2011), resulting in improving LV function in lean and 
obese, insulin-resistant rats with testosterone deprivation 
as observed in this study.

Mitochondria are dynamic organelles, their dynamics 
being regulated by the mitochondrial fusion and fission 
process. Mitochondrial fission is controlled by Drp1, 
which plays a role in generating the inter-connected 
mitochondrial network or promoting mitochondrial 
fragmentation (Lennon & Salgia 2014, Dorn et  al. 
2015). Mitochondrial fusion is driven by mitofusin 1, 2 
(Mfn1,2) and optic atrophy type 1 (OPA-1) (Dorn et  al. 
2015). After Mfn1,2 are activated, they move from the 
outer to the inner membrane, and join with the OPA-1 
enzyme to initiate mitochondrial fusion (Dorn et  al. 

2015). Thus, OPA-1 is an important protein during the 
fusion process as it is instrumental in the final step of 
mitochondrial fusion (Song et al. 2009). Our data showed 
that mitochondrial fission was markedly increased, and 
mitochondrial fusion was markedly decreased in obese, 
insulin-resistant rats with testosterone deprivation, 
compared with those which showed obese insulin 
resistance alone. On studying the mitochondrial fission 
results, a physiological dose of TRT and combined drugs 
could reduce mitochondrial fission, whereas vildagliptin 
alone failed to reduce mitochondrial fission in lean and 
obese, insulin-resistant rats with testosterone deprivation. 
In the case of mitochondrial fusion, all pharmacological 
interventions increased OPA-1 protein expression, and 
led to increased mitochondrial fusion in lean and obese, 
insulin-resistant rats with testosterone deprivation. Thus, 
our Western blot data suggested that TRT plays more a 
significant role than vildagliptin in improving cardiac 
mitochondrial dynamics in lean and obese, insulin-
resistant rats with testosterone deprivation.

In addition, mitochondrial dysfunction is related to 
the induction of cardiac apoptosis. This occurs due to the 
release of cytochrome c from the inner membrane of the 
mitochondria inducing caspase activation, finally leading 
to the fragmentation of DNA, a process detected by TUNEL 
(Wang & Youle 2009). Our TUNEL data demonstrated 

Figure 9
Summarized diagram of the effects of vildagliptin, physiological dose TRT, and combined low-dose TRT with vildagliptin on metabolic parameters, LV 
function, and mitochondrial function in obese, insulin-resistant rats with testosterone deprivation. The complete colored version of this figure is available 
at https://doi.org/10.1530/JOE-18-0673.
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that cardiac apoptosis was increased in obese, insulin-
resistant rats, and it was markedly increased in obese, 
insulin-resistant rats with testosterone deprivation. 
All pharmacological interventions improved cardiac 
mitochondrial function to a similar degree, leading 
to a reduction in cardiac apoptosis. This could also be 
responsible for an improvement in LV function (Fig. 9).

In this study, NDO rats had no changes in glucose 
levels, lipid profiles and insulin resistance. This is 
consistent with previous reports (Pintana et  al. 2015, 
Pongkan et  al. 2016). In ND rats, orchiectomy led to 
testosterone deprivation, and directly affected the 
mitochondria by increasing mitochondrial oxidative 
stress. An increasing of mitochondrial oxidative stress 
impaired the mitochondrial oxidative phosphorylation 
process (Murphy 2009, Kudryavtseva et  al. 2016), 
leading to ATP depletion as shown by decreased 
respiratory control ratio in our NDO rats. Furthermore, 
mitochondrial oxidative stress disrupted the balance 
of mitochondrial dynamics, resulting in myocardial 
apoptosis. Therefore, both ATP depletion and 
myocardial apoptosis could lead to LV dysfunction in 
ND rats, and this effect was independent to metabolic 
disturbances.

In conclusion, the combined low-dose TRT with 
vildagliptin therapy effectively improved LV function to 
a similar extent to the physiological dose TRT alone or 
vildagliptin alone via improving mitochondrial fusion 
and reducing mitochondrial dysfunction and apoptosis 
in NDO and HFO rats. However, combined low-dose 
TRT with vildagliptin and the physiological dose TRT 
exerted greater benefit on the heart than vildagliptin 
alone via decreasing mitochondrial fission in both NDO 
and HFO rats. Our findings suggest that low-dose TRT 
combined with vildagliptin may be an alternative for 
physiological dose TRT in condition of obese, insulin 
resistance with testosterone deprivation, thus reducing 
the dose of testosterone to be used in this condition.
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