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Abstract

Patients with metabolic syndrome (MetS) often exhibit generalized endothelial and cardiac dysfunction with decreased nitric
oxide (NO) production and/or bioavailability. Since phosphodiesterase 5 (PDEY) inhibitors restore NO signaling, we hypoth-
esized that chronic treatment with long-acting PDES5 inhibitor tadalafil may enhance plasma NO levels and reduce cardiac
dysfunction following ischemia/reperfusion (I/R) injury in C57BL/6NCrl-Lepr®~'®/Crl mice with MetS phenotypes. Adult
male MetS mice were randomized to receive vehicle solvent or tadalafil (1 mg/kg,i.p.) daily for 28 days and C57BL/6NCrl
mice served as healthy wild-type controls. After 28 days, cardiac function was assessed by echocardiography and hearts from
a subset of mice were isolated and subjected to 30 min of global ischemia followed by 60 min of reperfusion (I/R) in ex vivo
Langendorff mode. Body weight, blood lipids, and glucose levels were elevated in MetS mice as compared with wild-type
controls. The dyslipidemia in MetS was ameliorated following tadalafil treatment. Although left ventricular (LV) systolic
function was minimally altered in the MetS mice, there was a significant diastolic dysfunction as indicated by reduction in
the ratio of peak velocity of early to late filling of the mitral inflow, which was significantly improved by tadalafil treatment.
Post-ischemic cardiac function, heart rate, and coronary flow decreased significantly in MetS mice compared to wild-type
controls, but preserved by tadalafil treatment. Myocardial infarct size was significantly smaller following I/R, which was
associated with higher plasma levels of nitrate and nitrite in the tadalafil-treated MetS mice. In conclusion, tadalafil induces
significant cardioprotective effects as shown by improvement of LV diastolic function, lipid profile, and reduced infarct size
following I/R. Tadalafil treatment enhanced NO production, which may have contributed to the cardioprotective effects.
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Introduction

Metabolic syndrome (MetS) is a cluster of risk factors char-
acterized by abdominal obesity, dyslipidemia, hypertension,
and insulin resistance [1, 2]. It is associated with increased
risk of multiple chronic diseases, including cardiovascular
disease, type 2 diabetes, arthritis, chronic kidney disease,
cancer, and all-cause mortality [3—-6]. The main causes of
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Nitric oxide (NO) plays a crucial role in the pathogenesis
of MetS. Defective endogenous synthesis and bioavailability
of NO has been suggested as a molecular mechanism con-
tributing to the features of MetS [15]. NO plays an impor-
tant role in the development of MetS components, such as
insulin resistance, endothelial dysfunction, hypertriglyceri-
demia, and chronic adipose tissue inflammation. Endothelial
dysfunction, increases vascular resistance, and hypertension
normally observed in MetS patients may further lead to LV
hypertrophy and cardiomyopathy. Likewise, dyslipidemia
associated with MetS can also cause atherosclerotic pro-
cess leading to symptomatic ischemic heart disease [16].
In fact, endothelial nitric oxide synthase (eNOS)-deficient
mice display many of the defining features of MetS, includ-
ing hypertension, dyslipidemia, insulin resistance, and
increased weight gain [17, 18]. Consistent with this, poly-
morphism in eNOS gene is associated with MetS in human
beings [19, 20]. Previous studies had demonstrated that
dietary inorganic nitrate or nitrite reversed several features
of MetS in eNOS-deficient mice [15], diet-induced obese
hypertensive rats [21], and high-fat-diet-fed and ovariecto-
mized mice [22]. Moreover, long-term deficiency of dietary
nitrate/nitrite caused MetS and cardiovascular dysfunction
and death of mice [23]. Recent clinical trial also indicated
enhanced levels of plasma nitrate and antioxidant capability
in the MetS patients consuming Mediterranean diets [24].

Sildenafil (Viagra®), vardenafil (Levitra®), and tadalafil
(Cialis®) represent class of PDES inhibitors approved for
erectile dysfunction (ED). PDES inhibitors act by correcting
the damage to the penile vascular endothelium by upregulat-
ing eNOS, iNOS, and increased NO production [25]. The
constellation of risk factors that make up MetS is also linked
to erectile dysfunction, which is up to three times more
prevalent in men with MetS [26]. Approximately 79-96% of
patients with MetS present with ED and 29-66% of patients
with ED have MetS [27, 28]. Endothelial dysfunction is a
common denominator between ED and cardiovascular dis-
ease. In MetS and dyslipidemia patients, LDL production
causes destruction of eNOS [29, 30]. Bioavailability of NO
on the endothelial surface is reduced, early in the pathogen-
esis of atherosclerosis, causing either local or circulating
vasoconstrictor factors to become dominant, leading to dam-
aged endothelium-based vasodilatation [31, 32]. Thus, the
damage to the vascular and cavernosal endothelium leads
to ED in the MetS patients. PDES5 inhibitors are therefore
commonly used among MetS patient population to treat ED.

Our prior work showed that NO signaling was signifi-
cantly restored by treatment with PDES inhibitors, which
led to significant attenuation in myocardial ischemia/rep-
erfusion (I/R) injury [33-35]. Moreover, both short-acting
PDES inhibitors, sildenafil and vardenafil, have been shown
to cause vasorelaxation through enhanced endogenous NO
signaling in diabetic rats [36, 37]. Similarly, endothelial
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function was reported to be improved following chronic
administration of tadalafil in men with ED [38] and in
patients with type 2 diabetes [39, 40]. In our earlier studies,
we demonstrated that tadalafil treatment ameliorated pro-
inflammatory cytokines, reversed the maladaptive alterations
of cytoskeletal/contractile proteins, and increased expression
of eNOS, Sirtl, and PGC-1a signaling, which was associ-
ated with significant improvement of mitochondrial dys-
function following I/R injury in Type 2 diabetic hearts [41].
Based on these background studies, we hypothesized that
chronic treatment with long-acting PDES inhibitor, tadalafil,
would enhance circulating NO levels and reduce myocardial
I/R injury in MetS mice.

Methods
Animals

Adult male mice (C57BL/6NCrl-Lepr®~'*/Crl strain), which
were established as a mouse model fulfilling all the MetS
criteria in a single animal were obtained from Charles River
(Wilmington, MA). More detailed information about the
MetS mice and their controls can be found at the following
link: https://www.criver.com/sites/default/files/resources/
rm_rm_r_POUND_MOUSE_fact_sheet.pdf.

These MetS mice and their non-MetS control mice
(C57BL/6NCrl background) were housed within School of
Medicine Animal Facility, Virginia Commonwealth Univer-
sity. The animals were fed with rodent chow diet ad libi-
tum and are characterized by obesity at 1 month of age,
hyperinsulinemia and hyperglycemia at 18 weeks of age, as
well as increased cholesterol levels at 14 weeks of age [42].
All animal experiments were conducted under the guidelines
on humane use and care of laboratory animals for biomedi-
cal research published by the National Institutes of Health
(No. 85-23, Revised 1996). The animal care and experimen-
tal protocols were approved by Institutional Animal Care
and Use Committee of Virginia Commonwealth University.

Protocol for animal experiments

Eighteen- to twenty-week--sold MetS mice (n = 12/group)
were randomized to receive daily intraperitoneal (i.p.) injec-
tions of DMSO (10% DMSO in 0.9% NaCl, 0.2 mL) or tada-
lafil (1 mg/kg in 10% DMSO) daily for 4 weeks (Fig. 1). The
tadalafil dose (1 mg/kg) was chosen based on interspecies
dose extrapolation scaling to result in plasma concentrations
equivalent to those found in humans receiving an oral dose
of 20 mg/day. Metabolic parameters including fasting blood
glucose levels and body weight were monitored weekly
during the treatment period. LV function was assessed by
echocardiography before and after the treatments. Upon
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completion of the 4 weeks of tadalafil therapy, the mice were
sacrificed; anesthetized with pentobarbital sodium (70 mg/
kg, i.p.) and blood samples were taken by cardiac puncture
via thoracotomy for assessment of biochemical parameters
and hearts were collected for further experimental analysis.

Measurement of plasma glucose and insulin

Weekly blood glucose concentrations were obtained using
a handheld glucometer (Bayer, PA) using 5 puL of blood
obtained from tail vein from 12 h fasted mice and applied
directly to glucose test strips to measure fasting glucose
levels to monitor hyperglycemia. After the animals were
sacrificed, blood was collected and centrifuged at 1000 g
for 10 min at 4 °C to collect plasma, which was stored at
— 80 °C. The plasma samples were assayed for glucose,
using commercially available colorimetric assay kits (Cay-
man Chemicals, Ann Arbor, MI). Plasma insulin concen-
trations were determined by ELISA method following the
manufacturer’s instructions (Crystal Chem, Downers Grove,
IL).

Analysis of plasma lipids

The analysis of lipoprotein profiles was performed as pre-
viously reported [43]. Briefly, plasma lipoprotein was
separated by using AB SCIEX 4000 QTRAP 4000 Series
high-performance liquid chromatography tandem mass spec-
trometry (LC-MS/MS) HPLC system (Shimadzu, Japan).
Total cholesterol levels in the column effluent were con-
tinuously measured using in-line mixture with an enzymatic
and colorimetric cholesterol detection reagent (Total Cho-
lesterol E, Wako Chemicals USA). HDL (high-density lipo-
proteins), LDL (low-density lipoproteins), and VLDL (very
low-density lipoproteins) were eluted from the column. The
concentration for each lipoprotein fraction was calculated
by multiplying the ratio of the corresponding peak area to
total peak area by the total cholesterol concentration for each
sample, which was measured using a plate reader with 1:1
mixture of cholesterol E reagent and diluted plasma against
the standard curve generated using the cholesterol standard
solution (200 mg/dL) provided in the commercial kit follow-
ing a serial dilution.

Glucose and insulin tolerance test

For oral glucose tolerance test (OGTT), mice were fasted
overnight and glucose (3 g/kg body weight) was given via
oral gavage. A drop of blood was then drawn via the tail vein
and read by a glucometer (Bayer, PA). The glucose levels
were measured before and 15, 30, 45, 60, 75, 90, 120, 150,
and 180 min after glucose administration. For insulin toler-
ance test (ITT), long-acting insulin (Novo Nordisk, Mainz,

Germany) was injected (0.15 IU/kg body weight, i.p), and
blood glucose levels were determined 0, 15, 30, 45, 60, and
90 min post injection, as stated above.

Measurement of LV function by echocardiography

Doppler echocardiography was performed under light anes-
thesia (pentobarbital 30 mg/kg, i.p.), using the Vevo 770™
imaging system (VisualSonics, Inc., Toronto, Canada),
which is equipped with a 30-MHz mechanical scan probe
to obtain high resolution two-dimensional images. B-mode
images were obtained in the plane containing aortic and
mitral valves, while M-mode images were obtained from
parasternal short-axis view at the level of papillary muscles
and the apical four-chamber view. Fractional shortening
(FS), ejection fraction (EF), and LV wall parameters were
calculated using Vevo Analysis software. M-mode measure-
ments of LV dimensions were averaged from three cycles.
LV diastolic function was quantified by measuring the flow
patterns across the mitral wave using Pulse Wave Doppler
[41]. Two waves are characteristically seen in the Doppler
of the transmitral inflow, which are used for the evaluation
of LV diastolic function: one representing passive filling of
the ventricle (early [E] wave) and one consistent with active
and late filling with atrial systole (atrial [A] wave). The ratio
of peak velocity of early to late filling of the mitral inflow
(E/A) was calculated and used for the evaluation of LV dias-
tolic function.

Global ischemia/reperfusion injury in Langendroff
mode

We have previously reported methodology of isolated per-
fused mouse heart [44]. In brief, following removal of the
heart from the thorax, the aortic opening was rapidly can-
nulated that was connected to the Langendorff perfusion
system. The heart was retrogradely perfused at a constant
pressure of 55 mmHg at 37 °C with modified Krebs—Hense-
leit solution containing (in mM) 118 NaCl, 24 NaHCO;, 2.5
CaCl,, 4.7 KCl, 1.2 KH,PO,, 1.2 MgSO,, 11 glucose, and
0.5 EDTA. The perfusion solution was continuously gassed
with 95% 0,-5% CO, (pH 7.34-7.49). The heart apex was
attached to a Grass FT03 force—displacement transducer
(Grass Technologies, West Warwick, RI) with surgical
thread and a rigid metal hook for measuring ventricular con-
tractile force. The beat-by-beat cardiac contractile signals
were continuously recorded with a PowerLab/8sp system
(AD Instruments Inc., Colorado Springs, CO). After 20 min
of stabilization period, the hearts were subjected to a 30 min
of global ischemia and 60 min of reperfusion (Fig. 1). Cor-
onary flow was measured at 15 min before ischemia and
15 min after reperfusion. At the end of the experiment, the
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hearts were collected, weighed, and stored at — 20 °C for
further analysis.

Measurement of myocardial infarct size

Following reperfusion, the heart was immediately removed
from the Langendorff apparatus, weighed, and frozen
at—20 °C. The frozen heart was cut into seven to eight trans-
verse slices of approximately equal thickness (~0.8 mm) and
stained by incubation in 10 mM triphenyltetrazolium chlo-
ride (TTC) for 30 min at room temperature (22 °C). TTC
buffer was then replaced with 10% formaldehyde, and the
slices were fixed for 4—6 h before the infarct area and risk
zone were measured using computer morphometry [44]. The
risk area was calculated as total ventricular area minus the
area of cavities. The infarct size was calculated as a percent-
age of the risk area.

Measurement of plasma nitrate and nitrite

Blood samples were collected from the mice that under-
went treatment conditions (n =6 per group) and centrifuged
to obtain the supernatant plasma. Following the previously
reported methods [41, 45], plasma samples were subse-
quently centrifuged using Amicon Ultra-4 centrifugal fil-
ter devices at 7500 g in 4 °C to eliminate large molecules

Baseline OGTT and ITT

Echocardiography

TAD (1 mg/kg)
or 10% DMSO
daily treatment

(molecular weight> 30 kDa) from the plasma. The plasma
nitrate and nitrite were measured with a SIEVERS nitric
oxide analyzer (model 280NOA). The reducing agents used
were either vanadium (III) chloride (VCl;) in 1 M HCI (for
nitrate) or 1% sodium iodide (Nal) in glacial acetic acid (for
nitrite). Five mL of a reagent and 100 pL of 1:30 diluted
anti-foaming agent were loaded into the purge vessel for
analysis. These reducing agents converted nitrite and nitrate,
respectively, to gaseous NO at 90 °C, which was quantified
by the analyzer.

Statistical analysis

All parameters assessed in this study were analyzed using
one-way ANOVA followed by Student—-Newman—Keuls post
hoc test for pair-wise comparison. Data were represented as
mean +S.E.M. p <0.05 was considered significant.

Results

Effect of tadalafil on the basic metabolic
characteristics

The metabolic health status of the mice was evaluated in
terms of body weight, plasma glucose, insulin, and lipid

Echocardiography

Langendorff Isolated Perfused Heart

A

Mice
Control ’ ‘ ’

MetS 28 days

20 min

60 min

30 min 7§L

MetS+TAD

Reperfusion

Stabilization Global Ischemia
| \ |

Weekly body weight
fasting glucose

Sacrifice
. Heart Isolation
Insulin
Glucose Plasma Isolation
Lipids

Fig. 1 Experimental design and protocol. The diagram shows the
sequence of various experimental procedures. The mice were treated
with tadalafil (TAD) or vehicle (DMSO) for 28 days. Body weights
and blood glucose levels were monitored to confirm hyperglycemia.
After drug treatment period, oral glucose tolerance test (OGTT),
insulin tolerance test (ITT), as well as echocardiography were per-
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Cardiac Hemodynamics

Infarct Size

formed and mice were sacrificed to collect plasma and hearts. The
isolated hearts were subjected to 20 min stabilization followed by
30 min of ischemia and 60 min of reperfusion in Langendorff model
and infarct size was measured by tetrazolium staining. Plasma was
used for biochemical measurements
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Table 1 Body weight and lipid
profiles of the mice

51
Control MetS MetS +Tadalafil ~ Reference
Control values
Body weight (g) 367 65+1% 64+ 1% 35+1
Fasting plasma glucose (mmol/L)  6.44+0.39 13.10+0.67* 11.88+1.28% 5.56+0.14
Plasma insulin (pmol/L) 3.82+1.12  794.01 £37.69% 337.61+3521* 1.74+0.80
Plasma triglyceride (mmol/L) 0.61+0.02 1.37+0.03* 0.82+£0.06%*  0.91+0.09
Plasma total cholesterol (mmol/L)  2.25+0.04 3.59+0.18* 2.71+0.46 2.29+0.10
Plasma HDL (mmol/L) 1.11+0.11 1.48+0.19 1.12+0.19 1.51+0.10
Plasma LDL calculated (mmol/L) 0.8+0.06 2.07+0.21* 1.57+£0.26* 0.54+0.05
Plasma non-HDL (mmol/L) 1.17+£0.05 2.4+0.16% 1.84+0.19+* 1.19+0.05
Plasma VLDL (mmol/L) 0.22+0.04 0.61+0.09%* 0.38+0.02% 0.21+0.03
Total cholesterol/HDL ratio 2.33+0.15 3.10+0.04* 2.80+0.11%* 2.11+0.10

MetS metabolic syndrome, HDL high-density lipoproteins, LDL low-density lipoproteins, VLDL very low-

density lipoproteins

Data are expressed as mean + standard error (SE), *p <0.05 versus Control, #p <0.05 versus MetS

profile as shown in Table 1. The MetS mice showed signifi-
cant increase in the body weight, plasma glucose, and insulin
levels when compared to their wild-type non-MetS controls.
The body weight (65.2+ 1.0 versus 63.6+ 1.2 g) and fast-
ing glucose levels (236 + 12 mg/dL versus 214 +23 mg/
dL) in MetS mice did not reduce significantly following
treatment with tadalafil while the plasma insulin levels
(461 +£22 ng/mL versus 196 +20 ng/mL; p <0.02) were
significantly reduced upon tadalafil treatment as compared
to the untreated MetS mice. MetS mice had significantly
higher total cholesterol, triglycerides, VLDL, LDL, non-
HDL, and total cholesterol/HDL ratio compared to their
controls. Treatment with tadalafil demonstrated favorable
effect on the lipid profile with significant reduction of tri-
glycerides, non-HDL, and VLDL in tadalafil-treated MetS
mice compared to untreated MetS mice.

Tadalafil attenuates LV diastolic dysfunction

Heart rate, LV, EF, and FS decreased slightly but not signifi-
cantly in MetS group compared with the non-MetS control
group (Fig. 2a—c). Tadalafil treatment in MetS mice slightly
enhanced the heart rate, EF, and FS; however, there was no
significant difference in these parameters among the groups.
There were no significant changes in the LV wall thickness
between the groups (Fig. 2e—h). The MetS mice developed
diastolic dysfunction while maintaining a normal systolic
function. Mitral tissue Doppler E/A ratio was measured as
the index of diastolic function. A significant decrease in the
EJ/A ratio was found in MetS mice compared to the non-MetS
control group demonstrating diastolic dysfunction. Tadalafil
treatment prevented the diastolic dysfunction in MetS mice
(Fig. 2d).

Tadalafil treatment improves insulin sensitivity

The OGTT revealed no significant difference in glucose
uptake between the MetS and MetS + TAD groups (Fig. 3a,
b). Treatment with tadalafil prevented larger decline in
blood glucose levels following insulin injection (Fig. 3c, d)
as shown by approximately 20% drop in the area under the
curve.

Tadalafil protects against global I/R injury

Myocardial infarction was evident among the groups fol-
lowing I/R injury protocol as shown in Fig. 4a. Treatment
with tadalafil for 28 days attenuated the infarct size in MetS
mice compared to untreated MetS mice (16.2+2.1% ver-
sus 31.0£2.0%; p<0.01). The area at risk of the glob-
ally ischemic hearts was not different between the groups
(Fig. 4b). There was no difference in the cardiac contractile
function based on ventricular developed force and rate—force
product before ischemia. Heart rate and coronary flow rate
also did not differ among the groups before ischemia. How-
ever, following ischemia, the heart rate, coronary flow
rate, and rate-force product decreased significantly in the
MetS group compared to the non-MetS mice as shown in
Fig. 5b—d. Tadalafil treatment improved the post-ischemic
cardiac function in MetS mice by restoring the heart rate,
coronary flow rate, and rate—force product (Fig. Sb—d).

Tadalafil treatment enhances plasma nitrate
and nitrite levels

Since MetS is known to impair NO bioavailability [46], we
therefore measured plasma levels of nitrate and nitrite in
these mice. The MetS mice showed only a slight reduction
in the nitrate levels while the plasma nitrite levels remained
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unchanged compared to non-MetS controls (Fig. 6b). Tadala-  levels in MetS mice compared to both the control group and
fil treatment significantly enhanced plasma nitrate and nitrite ~ the untreated MetS groups, most likely through enhanced
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NOS-dependent NO synthesis triggered by tadalafil (Fig. 6a).
Overall NO oxidation products (NOx) were significantly
increased in tadalafil-treated MetS mice compared to the non-
MetS control and untreated MetS groups (Fig. 6¢).

Discussion

In the present study, we demonstrated that chronic treatment
with a long-acting PDES inhibitor, tadalafil, protects against
cardiac I/R injury in the mice with MetS. The MetS mouse
model displayed several key features of metabolic syndrome
including obesity, hyperinsulinemia, hypertriglyceridemia,
and high cholesterol levels. Metabolic syndrome subjects
have consistently high glucose levels reflecting either pre-
diabetic/diabetic conditions. In addition, their postpran-
dial glucose surges are very high as compared to normal
subjects due to profound insulin resistance. High levels
of postprandial blood glucose are linked to microvascular
damage, which leads to macrovascular complications and
organ failures. The treatment regimen with tadalafil exhib-
ited beneficial effects on the systemic abnormalities induced
by MetS. Tadalafil treatment was effective in improving the
metabolic status of mice as shown by slight decrease in
body weights and blood glucose coupled with significant
reductions in hyperinsulinemia and hypertriglyceridemia.

Tadalafil treatment also reduced total cholesterol, VLDL
significantly, and improved insulin sensitivity as evidenced
by a significant decrease in the area under the curve fol-
lowing insulin tolerance test in the treated MetS mice. We
have previously reported that tadalafil decreased plasma
glucose levels, inflammatory profile, and oxidative stress in
Type 2 diabetic db/db mice [41, 47-49]. Mechanistically,
PDES inhibitors are known to improve NO bioavailability
and vasodilatation, which is associated with increased blood
flow for muscle glucose utilization, resulting in increased
glucose uptake and thereby leading to decrease in circulat-
ing glucose levels. In fact, a previous study demonstrated
that cardiac NO production regulates myocardial glucose
uptake via a cGMP-dependent mechanism [50]. This study
suggested the role of NO derived from eNOS in regulation of
glucose uptake. Nevertheless, the role of Tadalafil in glucose
uptake in the hearts from MetS mice needs to be elucidated.
We speculate that the moderate alterations in terms of body
weight, blood glucose and lipid profile observed in treated
MetS mice group would be augmented if tadalafil treatment
is combined with other anti-diabetic drugs and lipid lower-
ing drugs in MetS mice.

The incidence and severity of myocardial infarction and
ischemic injury are greater in the diabetic and MetS popu-
lation compared to the non-diabetic and non-MetS popu-
lations as indicated in several clinical studies [51-53]. In
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Fig. 4 Effect of tadalafil (TAD) on myocardial infarct size (% of Risk
Area; a) after 30 min of ex vivo global no-flow ischemia followed
by 60 min of reperfusion in Langendorff mode. The area at risk,
expressed as % of total left ventricular area (b). Data are expressed as
mean=+ S.E.M. (n=6/group). Symbols *p<0.05 vs. Wild-type Con-
trol group; * indicates p <0.05 vs. MetS

the present study, we challenged the MetS hearts to 30 min
global ischemia followed by 1 h reperfusion. Our results
showed no significant difference in the infarct sizes of non-
MetS and MetS mice hearts. These differing results could
be partially due to different durations and severity of MetS
and differences between species [54, 55]. It is also nota-
ble that previous experimental data reveal both higher and
lower vulnerability of heart to ischemia in diabetic mod-
els [56]. The present study shows that tadalafil treatment
in MetS mice resulted in significant reduction of infarct
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size as compared with the vehicle (DMSO)-treated MetS
mice (Fig. 4), which was associated with improved post-
ischemic cardiac function in tadalafil-treated MetS mice
(Fig. 5). These results are in agreement with our previous
report on tadalafil-induced cardioprotective effects against
in vivo I/R injury in normoglycemic mice [35]. Despite
the protective effect of Tadalafil against acute I/R injury in
MetS mice, its effect in chronic heart failure in this model
is yet to be investigated.

In the present study, we also performed echocardiogra-
phy to examine alterations of LV function in MetS mice.
LV systolic function remained unchanged among the groups
as evidenced by no significant alterations in the heart rate,
ejection fraction, and fractional shortening. LV wall param-
eters were also not significantly different among the groups.
However, the MetS mice exhibited significant reduction in
E/A ratio indicating decreased diastolic function, which was
improved upon tadalafil treatment. It is noteworthy that the
LV systolic function remained unaltered in the experimental
groups (20-24-week-old mice), which could be manifested
in aged mice [48]. Heart failure is commonly associated with
impaired LV systolic function. However, nearly 30-40% of
the patients have LV diastolic dysfunction while the ejection
fraction (the typical symptom of congestive heart failure)
is either normal or slightly reduced [57, 58]. Diastolic dys-
function is typically seen in patients with hypertension and
hypertrophic or restrictive cardiomyopathy. It is more preva-
lent in the elderly population since tachycardia, hyperten-
sion, and ischemia contributing to impaired diastolic func-
tion are often seen in elderly patients [59]. So far, there is no
specific therapy to improve LV diastolic function directly. In
this regard, chronic treatment with tadalafil could be a novel
and safe therapeutic option in preventing the deteriorated LV
diastolic dysfunction and ischemic heart diseases in MetS
patients.

We have earlier shown that chronic treatment with tada-
lafil for 4 weeks in type 2 diabetic db/db mice resulted in the
reduction of blood glucose and triglyceride levels, attenu-
ated oxidative stress, and reduced infarct size thus protecting
against I/R injury in type 2 diabetic conditions [47, 48]. We
also reported that PDES inhibition by sildenafil triggered a
signaling cascade including upregulation of eNOS/induc-
ible NO synthase (iNOS) [34, 60], resulting in enhanced
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Fig.5 Effect of tadalafil (TAD)
on cardiac function and coro-
nary flow. The post-ischemic
cardiac ventricular developed
force (a), heart rate (b), rate-
force product (c), and coronary
flow rate (d) are presented as

a percentage of pre-ischemia
baseline. Data are expressed

as mean+S.E.M. (n=6/
group).*p <0.05 vs. Control,
#p <0.05 vs MetS

(A)

-

o

o
I

~
L
1

(4]
o
1

N
(3]
L

Developed Force
(% of Pre-Ischemia baseline)

o

_
(2]
N
-
=
S
1

©
o
1

=2
o
i

»
o
1

n
o
1

Rate-Force Product
(% of Pre-Ischemia Baseline)

o

activation of cGMP-dependent protein kinase (PKG) levels
in mouse models of cardiac injury suggesting a critical role
of NO-cGMP-PKG signaling pathway in cardioprotection
with this drug. MetS is known to cause endothelial and car-
diac dysfunction primarily due to impaired NO bioavail-
ability. Variations at the eNOS gene are known to influence
energy expenditure, severity of glucose intolerance, risk of
developing type II diabetes, and associated cardiovascular
complications [61]. In addition, eNOS and iNOS expressions
are decreased in the type 2 diabetic and MetS patients [62].
In the present study, MetS mice did not show significant
decrease in NO levels compared to the controls, albeit there
is a tendency of decrease in the nitrate and total NO, levels.
The tadalafil-treated MetS mice had a significant increase in
plasma nitrate, nitrite, and total NO, levels. Therefore, tada-
lafil treatment improved bioavailability of NO as evidenced
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by enhanced circulating NO levels (Fig. 6¢) and improved
cardiac function in MetS mice (Fig. 5).

In conclusion, the present study demonstrated that tada-
lafil had a positive effect on the metabolic health status by
improving insulin sensitivity, lowering circulating lipids,
and protecting against I/R injury via enhanced NO produc-
tion in MetS mice. Tadalafil treatment also improved LV
diastolic dysfunction in MetS mice. This study is particularly
important since the favorable effects of tadalafil treatment
in MetS mice could clinically benefit MetS patients who
are at high risk for cardiovascular diseases. As Tadalafil is
approved by FDA for treatment of ED, pulmonary hyperten-
sion, and enlarged prostate, prescribing tadalafil to MetS
patients may turn out to be promising therapeutic strategy
providing dual benefit of treating ED as well as reducing
cardiovascular injury in MetS patients.
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Fig.6 Effect of tadalafil (TAD) on plasma nitrate, nitrite, and total
nitric oxide oxidation products (NO,). Assessment of plasma levels
of nitrate (a), nitrite (b), and total NO, (c). Data are expressed as
means + S.E.M. n=6/group. *p <0.05 vs. control; *p <0.05 vs. MetS
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