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Background: Metabolic remodeling plays a vital role in the development of heart failure.
The trimetazidine can optimize fatty acid and glucose oxidation via inhibition of long-chain
3-ketoacyl CoA thiolase in the heart. So, trimetazidine commonly used in cardiovascular
therapy as a myocardial metabolic drug. This study was conducted to assess the effects
and mechanisms of trimetazidine on ketone body metabolism in heart failure rats.

Methods: A rat model of heart failure was established by continuous subcutaneous
injection of isoproterenol in 10 mg/kg/d. We examined body weight, heart weight index,
and tested B-type natriuretic peptide by kit. We detected the structure and function of the
heart. Hematoxylin-eosin staining and Masson’s trichrome staining was performed to
assess myocardial tissue morphology. To evaluate apoptosis, we used Tunel staining.
Metabolic substrate contents of glucose, free fatty acid, ketone bodies, lactic acid, and
pyruvate and ATP levels in myocardial tissues were measured with the corresponding kit.
We detected the levels of protein expressions related to myocardial substrate uptake and
utilization by Western blot.

Results: Trimetazidine remarkably reduced the heart weight index and B-type natriuretic
peptide levels. Besides, trimetazidine increased the level of blood pressure and decreased
heart rate. Moreover, trimetazidine inhibited decreases in left ventricular ejection fraction
and left ventricular fractional shortening. Further, trimetazidine decreased the levels of
collagen volume fraction and promoted ATP production in myocardial tissues.
Trimetazidine also reduced the levels of free fatty acid, ketone bodies, lactic acid, and
increased glucose and pyruvate levels in myocardial tissues. Furthermore, trimetazidine
markedly inhibited apoptosis. More importantly, the protein expression levels related to
myocardial substrate uptake and utilization increased dramatically in the trimetazidine
group. In particular, the protein expressions related to ketone body utilization were
prominent.
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Conclusions: Trimetazidine could attenuate metabolic remodeling and improve cardiac
function in heart failure rats. The potential mechanism for the cardioprotective effect of
trimetazidine may be highly associated with its regulation of adenosine monophosphate-
activated protein kinase, and peroxisome proliferator activated receptor a expressions.
Along with the regulation, myocardial substrate utilization was improved, especially the
utilization of ketone bodies.
Keywords: trimetazidine, myocardial metabolic remodeling, heart failure, ketone body metabolism, AMPK, PPARa
INTRODUCTION

Heart failure (HF), with its notable morbidity and mortality, is
directly related to significant health and economic burdens
worldwide (Benjamin et al., 2017). The current therapies to treat
HF primarily address the neurohumoral systems, including the
renin-angiotensin-aldosterone system and the b- adrenergic
receptor signaling pathway (Ponikowski et al., 2016). Increasing
evidence suggests that the development of heart failure
accompanied derangements in myocardial energy metabolism
(Rosano and Vitale, 2018).

Metabolic failure is considered as a vital role in the HF
pathological process. Evidence grows that myocardial energy
metabolism in patients with HF shows a confusing picture,
leading to the development and deterioration of the disease
(Birkenfeld et al., 2011). The heart, a high metabolic rate organ,
needs to regulate the substrate supply to satisfy various states
(Karwi et al., 2018). Some substrates can be used for energy
metabolism in the heart, including free fatty acids (FFA),
carbohydrates (glucose and lactate), ketone bodies, and amino
acid (Kolwicz et al., 2016). In the mature heart, adenosine
triphosphate (ATP) production relies mostly on fatty acid
oxidation while carbohydrates and ketone body (KB) provide
part of ATP generation. Along with reducing ATP production,
the heart is considered to be energy deficient in the progression of
heart failure (Chen et al., 2019). The failing heart could improve
ATP production by reducing cardiac fatty acids utilization and an
increase in glucose use. Cardiomyocytes can use many other
substrates, including ketone bodies, lactate, and amino acids,
except glucose and fatty acids. More recently, growing evidence
indicates that ketone bodies compete with other substrates used
for fuel in the failing heart (Bedi et al., 2016). High competition of
ketone body leads to an increase in ketone production and cardiac
ketone utilization (Nakamura and Sadoshima, 2019). Although
the ketone body utilization behaves as a potential benefit, few
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previous studies have revealed its usage related to the energy
metabolism in HF. Therefore, further research should be
conducted about ketone body utilization mechanisms in the
pathological process of heart failure.

Trimetazidine (TMZ) is the most investigated drug in energy
metabolism. TMZ can shift the utilization of metabolic substrate
from fatty acid to glucose to satisfy the energy demand (Wang
et al., 2016). Recognizing this, TMZ has the potential to be used
to treat the metabolic remodeling of HF. Studies proved that
TMZ could partially inhibit myocardial fatty acid oxidation.
TMZ exerts its functions primarily through inhibition of the
long-chain activity of the enzyme acetyl CoA C-acyltransferase,
also known as 3-KAT. 3-KAT enzyme catalyzed the terminal
reaction of fatty acid beta-oxidation. The reaction uses long-
chain 3-ketoacyl CoA as a fuel to generate acetyl CoA
(Lopaschuk et al., 2003). Studies show that 3-KAT in the
mitochondrial matrix inhibits pyruvate dehydrogenase, while
TMZ could eliminate this limitation via inhibiting 3-KAT (Li
et al., 2019). TMZ significantly enhances the rate of glucose
oxidation, modestly lowering the efficiency of fatty acid oxidation
that has been confirmed.

Since ketone bodies can be generated by fatty acid, and TMZ
could regulate a fatty acid metabolism, then whether TMZ acts
on ketone body metabolism. If it works, how does TMZ affect the
production and utilization of ketone body. AMPK, an energy
sensor, functions as a vital regulator of metabolic homeostasis.
Further, AMPK can protect myocardium from severe injury and
alleviate energy exhaustion during heart failure development (Li
et al., 2019). PPARa is a vital factor in the metabolic system,
where it participates in signaling driven by AMPK (Grabacka
et al., 2016). We try to explore TMZ regulating ketone body
metabolism via AMPK and PPARa pathway in this study.
MATERIALS AND METHODS

Reagents and Materials
We purchased isoproterenol (ISO) from Beijing Solarbio Science &
Technology Co., Ltd. (Beijing, China) and obtained trimetazidine
from Servier (Tianjin) Pharmaceutical Co., Ltd. (Tianjin, China)
(Batch number: 2014432). We obtained primary antibodies against
adenosine monophosphate-activated protein kinase (AMPK),
peroxisome proliferator activated receptora (PPARa), cleaved
caspase 3, caspase 3, and cytochrome C from Wanlei bio
(Shenyang, China). Also, primary antibodies against lactate
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dehydrogenase (LDH), b-actin, and glucose transporter 4 (GLUT4)
were included. We obtained primary antibody against phospho-
acetyl-CoA carboxylase (p-ACC) from Biyuntian Bio-Technology
Co., Ltd. (Shanghai, China). The primary antibody against 3-
hydroxy-3-methylglutaryl-CoA2 (HMGCS2) was obtained from
Wuhan ABclonal Biotechnology Co., Ltd. (Wuhan, China).
Primary antibody against monocarboxylate transporter 1
(MCT1), b-hydroxybutyrate dehydrogenase 1 (BDH1), and
phospho-AMPK (p-AMPK) were obtained from Beijing
Biosynthesis Biotechnology Co., Ltd. (Beijing, China). Primary
antibody against carnitine palmitoyltransferase 1 (CPT1) and
acetoacetyl-CoA thiolase 1 (ACAT1) were purchased from
Abcam (Cambridge, UK). Primary antibody against succinyl-
CoA:3-ketoacid-CoA transferase1(OXCT1) was purchased from
Proteintech Group, Inc. (Wuhan, China). We bought the
horseradish peroxidase (HRP)-tagged secondary antibody from
Zsbio Biology (Beijing, China) and primary antibody against
Anti-ATP1A1 from Wuhan Boster Biotechnology Co., Ltd.
(Wuhan, China).

Animal Model and Treatment Protocols
Our animal experiments were approved by the Animal Care and
Use Committee of the Tianjin Union Medical Center. We used
36 male Sprague Dawley rats provided by the Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China) for
this study, which were weighted about 300–350 g. Rats were fed
for one week in room temperature adaptability conditions,
randomly allocated into standard control group (n = 10) and
ISO-induced HF group (n = 26). All rats were raised in a
standard environment with conventional laboratory food and
water. The control group was given an injection of standard
saline corresponding to the ISO-induced HF group. Meanwhile,
the ISO-induced HF group was given a subcutaneous injection of
ISO (Purity 98%) at 10 mg/kg/d. The infusion was consecutive in
the preceding two weeks (Zhu et al., 2020). Afterward, the
survived rats in the ISO-induced HF group were further
randomly divided into ISO (n = 10) and ISO +TMZ group (n
=10). Rats in ISO +TMZ group were given TMZ gavage at 10 mg/
kg daily. In contrast, those in the ISO and control groups were
given normal saline gavage at an identical volume for six
consecutive weeks. Rats were euthanized after week eight, and
blood samples were obtained. The rats’ hearts were collected and
rinsed with precooled normal saline, then dissected and weighed.
Meanwhile, we used one part of the tissues for measured protein
concentration and subsequent experiments. The experiments
included homogenates preparation and measurements of
substrate contents. While the other part was fixed using 4%
paraformaldehyde and paraffin-embedded for histology.

Heart Weight Index (HWI) Assessment
To assess cardiac function, we excised and washed the rat hearts
with precooled normal saline. After that, we carefully removed
moisture on the surface of tissues with an absorbent paper for
weighing. Afterwards, the heart weight index was calculated as
follows: HWI (mg/g) = heart weight/body weight (n =10).
Frontiers in Pharmacology | www.frontiersin.org 3
Measurement of Serum B-Type Natriuretic
Peptide (BNP) Levels
Fresh blood was collected in tubes and kept at room temperature
until measurement within half an hour. Then we centrifuged the
blood at 3,000 g for 10 min to separate serum. Then the samples
were added in the buffer before permitted to equilibrate at room
temperature for 30 min. Afterwards, we conducted all
experimental operations according to kit instructions (Tianjin
Anoric Biotechnology Co., Ltd, Tianjin, China) (n =6).

Blood Pressure and Heart Rate
The rats were immobilized in the conscious state to ensure
proper connectivity and maintained a suitable temperature and
sense for operation. Systolic blood pressure, diastolic blood
pressure, mean arterial pressure, and heart rate were measured
using the tail-cuff method (BP–2010A, Softron Biotechnology
Ltd., Beijing, China). All manipulations were replicated three
times in a warm, and quiet environment, and calculated mean
value (n = 6).

Echocardiography
Before placed in the supine position for echocardiographic
measurements, rats were anesthetized using 3% sodium
pentobarbital solution (Tianjin Chemical Reagent Company,
Tianjin, China) at 10.0 mg/kg. Next, the following indicators
were measured: left ventricular end-systolic diameter (LVESD),
left ventricular end-diastolic diameter (LVEDD), left ventricular
end-diastolic volume (LVEDV) and left ventricular end-systolic
volume (LVESV). Also, left ventricular fractional shortening
(LVFS) and left ventricular ejection fraction (LVEF) were
measured. Using an ultra-high resolution small animal
ultrasound scanner Vevo®2100 (VisualSonics, Toronto, ON,
Canada), transthoracic two-dimensionally guided M-mode
echocardiography was performed (n = 6).

Histopathological Analysis
Myocardial tissues of rats were fixed in 4% paraformaldehyde
and dehydrated with segments embedded in paraffin. Then, we
cut them into 5-mm thick sections for staining with Masson’s
trichrome and hematoxylin-eosin solution. We observed the
pathological changes in myocardial tissues using an optical
microscope (DS-Ri2, Nikon, Japan) (n =5). Collagen volume
fraction (CVF) was analyzed with Image J in multiple random
visual fields of each sample, using the formula: CVF= collagen
area/total observed area×100%.

Measurement of ATP Contents
We used a certain amount of myocardial tissues for homogenate
preparation with boiling double-distilled water (10% w/v).
Immediately afterwards, the mixture was treated in a boiling
water bath for 10 min, and then the homogenate was centrifuged
at 3,500 g for 10 min. Finally, we collected the supernatant for the
test. We carried out the specific operation according to the
instructions (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) (n =6).
August 2020 | Volume 11 | Article 1255

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Li et al. Trimetazidine Ameliorates Ketone Body Metabolism
Measurement of Glucose, Free Fatty Acid,
Lactic Acid, and Pyruvate Contents
A series of experiments were performed according to kit
instructions (Solarbio, Beijing, China). Myocardial tissues were
homogenized and centrifuged, and then the supernatant was
collected for subsequent assays. A portion of supernatant was
used to determine protein content using a bicinchoninic acid
assay according to the manufacturer’s protocol (Solarbio, Beijing,
China). At the same time, the others were used for absorbance
measurement by a microplate reader (Epoch2, BioTek
Instruments, Inc, America) (n = 6).

Measurement of Ketone Body Contents
KB quantitative detection was calculated according to the
manufacturer’s instructions (Tianjin Anoric Biotechnology Co.,
Ltd, Tianjin, China). Myocardial tissue was homogenized in lysis
buffer containing a protease inhibitor and centrifuged at 3,000 g
for 10 min, and then the supernatant was taken for subsequent
experiments. Each well was added in samples and biotinylated
antibody (1:1), with doubling doses of horseradish peroxidase-
labeled antibody. Then the coated microwell plate was covered
immediately and incubated at 37°C for 60 min. Next, the liquid
mixture was discarded following by washing the plate five times
with a washing buffer. After the last wash, the plate was left to air
dry. Afterward, chromogenic reagent I and II were added to each
well sequentially. Next, the mixture was incubated at room
temperature for 20 min and reacted protected from light.
Eventually, the termination buffer was added into each well,
and the absorbance was read at 450 nm with a microplate reader
(n = 6).

TdT-Mediated dUTP Nick-End Labeling
(TUNEL) Assays
Tunel staining using the TUNEL Apoptosis Detection Kit
(Wanlei bio, Shenyang, China) was performed according to the
manufacturer’s instructions. The paraffinized sections were
dewaxed to water and rinsed with phosphate buffer saline
(PBS) three times. Then, the tissue sections underwent heat-
induced epitope retrieval in citrate buffer followed by a cooling-
down period. Next, the paraffin sections were rinsed with PBS
and added a tunel assay solution and then incubated at 37°C in
the dark for 90 min. Sections were then rinsed with PBS and
counterstained with 4’,6-diamidino-2-phenylindole (DAPI) for
nuclear labeling. Finally, the anti-fluorescence quencher
(Solarbio, Beijing, China) was used to seal the sections. The
staining results were observed under a fluorescent microscope
(DS-U3, Nikon, Japan), in which tunel-positive expression was
recognized by green fluorescence, while DAPI-positive was blue.
The apoptotic index’s final calculation was reached according to
the following formula: apoptotic index=tunel positive cells/DAPI
positive cells (n = 5).

Protein Extraction and Western Blotting
Myocardial and hepatic tissue were homogenized in RIPA
ext rac t ion buff e r (So la rb io , Be i j ing , China) wi th
phenylmethylsulfonyl fluoride, and phosphatase inhibitors
Frontiers in Pharmacology | www.frontiersin.org 4
(KeyGen Biotech. Inc, Nanjing, China)(100:1:1) in an ice bath.
We centrifuged the homogenate at 14,000 g for five min. The
obtained supernatant was then used for the detection of protein
concentration before added loading buffer (3:1) and heated in a
100°C boiling water bath for 5 min. After cooling to room
temperature, samples were centrifuged at 14,000 rpm for five
min, and the supernatant was analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (Solarbio, Beijing,
China) and immunoblotting. Membrane and cytosolic proteins
were extracted using the Membrane and Cytosol Protein
Extraction Kit according to the manufacturer’s instructions. For
immunoblotting, proteins were separated by SDS-PAGE and
transferred to polyvinylidene difluoride membrane. The
membrane was then blocked with a blocking buffer (Shanghai
Biyuntian Bio-Technology Co., Ltd., Shanghai, China) 15 min at
room temperature. After blocking, the membrane was incubated
overnight at 4°C with primary antibodies, diluted by tris buffered
saline tween. Next, the membrane was washed with tris buffered
saline tween before incubated with HRP-tagged the second
antibody and detected with luminol reagent (Engreen
Biosystem Co, Ltd. Beijing, China). Finally, we analyzed the
bands with Image J software (NIH, Bethesda, MD, USA) (n = 3).

Statistical Analysis
All experimental data were expressed as mean ± standard
deviation (SD), and statistical analysis was conducted using
SPSS 21.0 statistical software (Lead Technologies, Chicago,
USA). The differences between the groups were analyzed using
a one-way analysis of variance (ANOVA), followed by Tukey’s
multiple comparisons with a significance level of 0.05.
RESULT

TMZ Improves the General Condition
and Cardiac Dysfunction of Rats in the
ISO-Induced HF Model
To evaluate the effect and mechanism of TMZ in improving
heart function, we established an ISO-induced rat HF model. As
shown in Figure 1A, the subcutaneous injection of ISO resulted
in decreased bodyweight gain and increased HWI (Figure 1B) in
rats. In contrast, TMZ treatment reduced the effect of ISO
(Figures 1A, B). Furthermore, BNP levels were significantly
elevated in the ISO group, and TMZ works oppositely (Figure
1C). Besides, there were significant changes in blood pressure
and heart rate after subcutaneous injection of ISO in rats. The
results indicated that TMZ intervention restrained the increase
of heart rate and a drop in blood pressure (Figure 1D). We
performed echocardiography to gain further insight into an
alteration in myocardial morphology and function of rats in
each group. The results showed that animals injected with ISO
displayed ventricular remodeling at the end of week 8 (Figure
1E). Accompanied by the change, there was a decline in cardiac
function, as assessed by increased LVESD, LVEDD, LVEDV, and
LVESV. Meanwhile, LVEF and LVFS levels were decreased after
week 8 (Figure 1F). However, TMZ attenuated these
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pathological changes. These results prove that TMZ attenuates
the effect of ISO in inducing HF. Besides, TMZ improves the
general condition and cardiac dysfunction of rats in the ISO-
induced HF model.

TMZ Ameliorates Pathological Changes in
Myocardial Tissues of ISO-Induced Rats
We conducted hematoxylin–eosin staining and Masson’s
trichrome staining for pathological assessment to evaluate the
histopathology changes in ISO-induced rats’ myocardial tissues.
Besides, we measure the content of metabolic substrates. In
comparison with the control group, animals treated with ISO
displayed myocardial fibers disarray and myocyte hypertrophy.
However, these changes were remarkably prevented by TMZ
(Figure 2A). Similar results were seen with Masson’s Trichrome
Staining that heart tissues demonstrated myocardial cell swelling,
and the myocardial fibers were in a disorganized array. While
TMZ attenuated these pathological changes (Figure 2B). Besides,
ISO caused a marked increase in CVF compared with the control
Frontiers in Pharmacology | www.frontiersin.org 5
group. Whereas treated with TMZ can remarkably prevent the
variation (Figure 2C). As shown in Figure 2D, ISO stimulation
resulted in an increased accumulation of free fatty acid, ketone
bodies, and lactic acid. However, there was a decrease in levels of
ATP, glucose, and pyruvate. In contrast, treated with TMZ can
remarkably prevent the accumulation of the acidic metabolite
and improve insufficiencies of ATP, glucose, and pyruvate. These
results indicate that TMZ attenuated the histopathology
alterations and improved the utilization of cardiac metabolism
substrate in ISO-induced HF rats.

TMZ Reduces Cell Apoptosis in
Myocardial Tissues and Increases the
Ketogenesis-Related Protein Expression
Level of Hepatic Tissue in ISO-Induced
HF Rats
To explore the cell apoptosis in myocardial tissues, we performed
Tunel staining and western blot. ISO can induce cell apoptosis in
myocardial tissues was proved, whereas the increased ratio of
A

B

D

E

F

C

FIGURE 1 | Trimetazidine improves the general condition and cardiac function of rats in the isoproterenol-induced HF model. (A) Bodyweight changes of rats in
each group (n = 10). (B) Changes in rat heart weight index for different groups (n = 10). (C) B-type natriuretic peptide levels in sera were detected by enzyme linked
immunosorbent assay (n = 6). (D) Heart rate, systolic blood pressure, diastolic blood pressure, mean arterial pressure of rats in each group (n =6). (E) Representative
M-mode echocardiograms for different groups. (F) The histogram showed left ventricular end-diastolic volume, left ventricular end-systolic volume, and left ventricular
ejection fraction. Left ventricular end-diastolic diameter, left ventricular end-systolic diameter and left ventricular fractional shortening (n = 6) were also shown. Data
are represented as mean ± SD, #P < 0.05, ##P < 0.01 compared with ISO group, *P < 0.05, **P < 0.01 compared with control group.
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cleaved caspase 3/caspase 3 can be reduced by TMZ intervention.
After the TMZ intervention, cytochrome C level was declined, but
there was no statistical difference. Furthermore, to determine
whether TMZ acts on ketogenesis, we evaluated the protein
expression related to ketogenesis in hepatic tissue. As shown in
Figures 3E–G, ISO, markedly down-regulated PPARa
expressions, and upregulated AMPK, HMGCS2, and MCT1.
However, TMZ intervention was further increased the protein
expression of AMPK, HMGCS2, and MCT1. More than that,
PPARa, BDH1, ACAT1 expression, and the ratio of p-AMPK/
AMPK were significantly improved. These results suggest that
TMZ can reduce cell apoptosis in myocardial tissues to a certain
extent. Besides this, TMZ can promote protein expression related
to ketogenesis via the activated AMPK/PPARa signaling pathway.

TMZ Promotes the Protein Expression
Related to Myocardial Substrate Uptake
and Utilization With Activation of the
AMPK/PPARa Signaling Pathway in
HF Rats
To investigate the mechanism of TMZ effect on energy
metabolism of myocardial tissue in ISO-induced HF rat, we
evaluated protein expressions using western blot. These protein
expressions related to myocardial substrate uptake and
utilization and activation of AMPK/PPARa signaling pathway.
As shown in Figures 4A, B, TMZ significantly promoted
translocation of GLUT4 from cytosolic to membrane. As
illustrated in Figures 4C–E, ISO PPARa, CPT1 protein
expression were down-regulated, and AMPK, p-ACC, LDH,
BDH1, MCT1, ACAT1, and OXCT1 protein expression were
Frontiers in Pharmacology | www.frontiersin.org 6
upregulated. At the same time, the ratio of p-AMPK/AMPK
protein expression was decreased. However, treated with TMZ
can remarkably increase the phosphorylation of AMPK, which is
characterized by an increase in the ratio of p-AMPK/AMPK
protein expression. Besides, TMZ has a reversal of depletion in
PPARa, GLUT4, CPT1 protein levels. Furthermore, TMZ
intervention further promoted p-ACC, LDH, BDH1, MCT1,
ACAT1, and OXCT1 protein expression. These results suggest
that TMZ could activate the AMPK/PPARa signaling pathway
and promote protein expression related to myocardial substrate
uptake and utilization.
DISCUSSION

Along with TMZ preconditioning in a single-dose, the plasma
levels of adenosine was increased, as one study showed (Liu et al.,
2016). Many studies have concluded that only treated HF with
TMZ can partly improve indices of serum (Zhang et al., 2012).
Even with the addition of calcium channel blockers, symptoms in
patients with stable angina can only be partially improved
(Marzilli et al., 2019). Recent analyses have identified that
TMZ demonstrates excellent results in HF patients, including
decreasing the prevalence and incidence of cardiovascular events
(Zhang et al., 2012; Grajek and Michalak, 2015). However, the
exact mechanism of how TMZ develops its full potential in
improving cardiac energy metabolism in HF is not well
understood and needs further study. Therefore, we have
investigated the mechanism of trimetazidine in the ISO-
induced heart failure rat model. Trimetazidine can prevent or
A

B

D

C

FIGURE 2 | Trimetazidine ameliorates pathological changes in myocardial tissues of isoproterenol-induced rats. (A) Histopathological changes in myocardial tissues
observed by hematoxylin-eosin staining (×200 magnification) (n = 5). (B) Masson’s Trichrome Staining of cardiac tissues (×200 magnification) (n = 5). (C) The
Collagen Volume Fraction of myocardial tissues was calculated as quantification (n= 5). (D) Myocardium was homogenized, and the content of ATP, glucose, free
fatty acid, ketone body, lactic acid, and pyruvate were detected following the instructions (n = 6). Data were represented as mean ± SD, ##P < 0.01 compared with
ISO group, **P < 0.01 compared with control group.
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reverse the progression of cardiac dysfunction and metabolic
remodeling in our experiments. The remarkable performance of
trimetazidine in HF may be closely associated with AMPK and
PPARa, whose expression increases obviously in our study.

ISO is a beta-adrenergic receptor agonist that could inhibit
both b1 and b2. ISO is usually used to induce pathologic
myocardial diseases experimentally (Fan et al., 2019). ISO can
bring about myocardial ischemia, further resulting in a particular
form of metabolic and ultrastructural variations that induce
irreversible injury. The alterations cause different types of
cardiomyocyte death, referred to as apoptosis and necrosis.
Besides, ISO is adequate to induce myocardial hypertrophy,
inflammation, and fibrosis (Benjamin et al., 1989; Zhang et al.,
2020). These changes may cause an increase in the ratio of heart
weight to body weight (Freund et al., 2005). The same results
were found in this study. These changes are shown and
ultimately predispose the heart to diastolic and systolic
Frontiers in Pharmacology | www.frontiersin.org 7
dysfunction with myocardial metabolic remodeling (van Bilsen
et al., 2004). The changes in rat associated with ISO-induced HF
are similar to the pathological changes of myocardial tissue in the
process of human heart failure. Hence ISO-induced HF in rats is
an extensively applied model in experimental medical research
(Fan et al., 2019). The heart failure model in our study was
induced by subcutaneous injection with ISO. In this study,
cardiac function parameters measured by echocardiography,
including LVEF and LVFS, were significantly reduced in the
ISO intervention group. These changes verified the HF model in
rats. Besides, heart rate and blood pressure were decreased while
the plasma levels of BNP were significantly increased after ISO
intervention (Wang et al., 2018; Fan et al., 2019). These results
concur with previous studies. Nevertheless, trimetazidine
performed well in improving biochemical parameters, blood
pressure, and pathological changes. These performances
provided strong evidence that trimetazidine has enormous
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FIGURE 3 | Trimetazidine reduces cell apoptosis of myocardial tissues and increases the ketogenesis-related protein expression level of hepatic tissue in heart
failure rats. (A) Representative images of DNA fragmentation as tested by tunel assay and DAPI staining (×400 magnification) for different groups. (B) The number of
apoptotic cells was calculated by taking five views in each group (n = 5). (C) Western blot was used to detect the expression levels of cleaved caspase 3, caspase 3
and cytochrome C. (D) The density of the immunoreactive bands was analyzed by Image J software. (E) Western blot was used to evaluate ketogenesis-related
protein expression. AMPK, p-AMPK, PPARa, HMGCS2, BDH1, MCT1 and ACAT1 were included. (F, G) The histogram indicated the specific relevant quantitative
results (n = 3). Data are represented as means ± SD, #P < 0.05, ##P < 0.01 compared with ISO group, **P < 0.01 compared with control group. AMPK, adenosine
monophosphate-activated protein kinase; p-AMPK, phospho-AMPK; PPARa, peroxisome proliferator activated receptora; HMGCS2, 3-hydroxy-3-methylglutaryl-
CoA synthase 2; BDH1, b-hydroxybutyrate dehydrogenase 1; MCT1, monocarboxylate transporter 1; ACAT1, acetoacetyl-CoA thiolase 1.
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potential in ameliorating cardiac function and slows HF
progression. In this study, We verified the benefits of
trimetazidine proved in a clinical trial.

Previous research had shown that heart failure results in an
increase in AMPK activity in mice and humans (Quan et al.,
2017; Zhang et al., 2017). Zhuo et al. indicated that activation of
AMPK could inhibit BNP elevation and cardiomyocyte
apoptosis in a rat model of heart failure induced by ISO (Zhuo
et al., 2013). Available research considered that the inhibition of
c-Jun N-terminal kinase and nuclear factor kappa-B is correlated
with AMPK activation. The restraint may lead to attenuation in
inflammation and a decrease in cell death (Chen et al., 2018; Gu
et al., 2020). Besides, some studies showed that the activation
state for AMPK often leads to inhibiting extracellular signal-
regulated kinase. This effect could improve cardiac fibrosis (Du
et al., 2008). It is considered when the myocardial injury occurs,
AMPK in hearts will be activated as a compensatory reaction. As
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the disease progresses, compensatory responses of AMPK
activation were not strong enough to satisfy various demands,
and then the pathologic changes arise. Fortunately, TMZ could
relieve these pathologic changes by further activation of AMPK
in this study. Besides, AMPK-mediated transportation of GLUT4
from the cytosol to the membrane increases glucose uptake (Li
et al., 2019). This increase often acts as an adaptive and
protective response of the heart. AMPK can also increase fatty
acid uptake and oxidation by increasing the activity of CPT-1,
which was conducted by inhibiting acetyl-CoA carboxylase.
These are also confirmed in our study. CPT1 serves as a
limiting step for long-chain fatty acid accessing to the
mitochondria for b-oxidation, which is vital to ATP
production (Dyck and Lopaschuk, 2006). Moreover, AMPK
plays a very notable reverse role in regulating the mammalian
target of rapamycin 1. The inhibition of mTORC1 is mainly
started by AMPK. Further, the inhibition state of mTORC1 is
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FIGURE 4 | Trimetazidine treatment promotes the protein expression related to myocardial substrate uptake and utilization in myocardial tissues of isoproterenol-
induced heart failure rats. (A) Cytosolic protein was extracted and expression levels of cellular localization of GLUT4 were determined using Western blot. b-actin was
choice as an internal control. (B) Membrane protein was extracted and expression levels of cellular localization of GLUT4 were determined using Western blot.
ATP1A1 was chosen as an internal control. (C) Western blot was used to evaluate metabolism-related protein expression. AMPK, p-AMPK, PPARa, p-ACC, LDH,
CPT1, BDH1, MCT1, ACAT1, and OXCT1 were included. (D) Immunoblotting analysis was conducted to detect the ratio of p-AMPK/AMPK protein expression within
myocardial tissues (n = 3). (E) The histogram indicated the specific relevant quantitative results (n = 3). Data are represented as means ± SD, #P < 0.05, ##P < 0.01
compared with ISO group, *P < 0.05, **P < 0.01 compared with control group. p-AMPK, phospho-AMPK; AMPK, adenosine monophosphate-activated protein
kinase; PPARa, peroxisome proliferator activated receptora; p-ACC, phospho-acetyl-CoA carboxylase; LDH, lactate dehydrogenase;CPT1, carnitine
palmitoyltransferase 1; BDH1,b-hydroxybutyrate dehydrogenase 1; MCT1, monocarboxylate transporter 1; ACAT1, acetoacetyl-CoA thiolase 1; OXCT1(SCOT1),
succinyl-CoA:3-ketoacid-CoA transferase1.
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necessary for the activation of ketogenesis in the liver (Grabacka
et al., 2016). So we have reason to believe that AMPK is closely
related to ketone body’s metabolism. It is worth mentioning that
TMZ can partially inhibit fatty acid oxidation, decreasing the
nicotinamide adenine dinucleotide reduced/oxidized ratio. The
decrease can lead to the enhancement of pyruvate dehydrogenase
activity and efficiency increase in glucose and pyruvate oxidation
(Li et al., 2019). Studies showed that TMZ could enhance the
activity of AMPK through its effects on the ATP level in
cardiomyocytes (Liu et al., 2016). In this study, AMPK carries
out the function of regulating substrate metabolism by itself
phosphorylation. Early in the study, rats treated with iso
displayed compensatory changes by activating AMPK, which
may have a good effect on myocardial metabolism. As the disease
progresses, myocardium showed obvious decompensation, with
energy metabolism disorder including reduction of ATP
production and acid metabolite accumulation. However, it is
worth noting that TMZ can notably activate AMPK and then
increase protein expression involved in GLUT4 and CPT1.
Along with the activation of AMPK, proteins expression levels
of ketone body metabolism raised. Therefore, as mentioned in
the present study, we think TMZ treatment can improve the
metabolic status and reduce progression to heart failure via
shifting substrate metabolism. The function most likely has a
close relationship with the AMPK pathway.

KB, considered efficient fuel, is meaningful in heart failure
(Aubert et al., 2016; Bedi et al., 2016). Ketone bodies are usually
formed as an intermediate product of fatty acid oxidation,
including b-hydroxybutyrate, acetoacetate, and acetone
(Puchalska and Crawford, 2017). The production of ketone
bodies mainly occurs in the mitochondria of hepatocytes, but
the liver is the only tissue without the ability of ketolysis. Ketone
bodies (b-hydroxybutyrate and acetoacetate) are generally
transported by monocarboxylate transporter 1 (MCT1) to
tissues other than hepatocytes who express OXCT genes
(Halestrap and Wilson, 2012; Puchalska and Crawford, 2017).
Ketogenesis and ketolysis are regulated by multiple factors, in
which PPARa is a critical aspect. The previous report showed
inconsistent expression of PPARa in cardiovascular diseases
(Kodde et al., 2007). Studies show that PPARa is necessary for
the initiation and transcription of 3-hydroxy-3-methylglutaryl-
CoA synthase. At the same time, HMGCS2 acted as a speed-
limiting enzyme for the generation of ketone bodies (Grabacka
et al., 2016). Research showed that the expression of ketolysis-
related proteins, including BDH1 and OXCT1, was increased in
patients with heart failure (Bedi et al., 2016). Along with growing
ketone body oxidation of myocardial tissue, the pathological
process of HF may be delayed. In this study, we observed that the
expression of PPARa was increased, secondary to AMPK
activation, with TMZ therapy. The protein expressions referred
to ketone body production and utilization were upregulated in
ISO-induced HF rats. By increasing the ketone body utilization,
cardiac function was improved with an enhancement of
ATP production.

The failing heart could improve ATP production by reducing
cardiac fatty acid utilization and shifting toward a greater
Frontiers in Pharmacology | www.frontiersin.org 9
reliance on glycolysis and ketone body oxidation (Karwi et al.,
2018). In this state, it seems that glucose and pyruvate’s content
should be increased following energy demand to increase ATP
production, which can be realized by increasing glucose intake.
The high expression of GLUT4 is advantageous to glucose intake.
Nevertheless, these conditions could not be achieved in the
failing heart, promoting the progress of HF. Alike, due to the
decreased demand, the failing heart should decrease the uptake
to reduce the content of FFA. Although the expression of CPT1
was reduced, the failing heart still showed low utilization of FFA,
so the content of FFA was still high, which leads to further
development of HF. Besides, the highly expressed MCT1
increased KB intake, but the failing heart was only able to
utilize a limited KB. Therefore, the KB content was high, and
the failing heart still could not meet the energy demand. Besides,
When the oxygen supply is insufficient in the failing heart, lactic
acid is produced by anaerobic glycolysis, which transforms
pyruvate into lactic acid by the lactate dehydrogenase enzyme.
However, excessive lactic acid generation is not able to be fully
utilized to meet cardiac energy demand. So, the lactic acid
content was increased while the pyruvate content decreased,
leading to a further energy imbalance and eventually resulting in
the decline of cardiac function. However, following the TMZ
intervention, the glucose and pyruvate’s content was increased to
provide sufficient metabolic substrate, which may benefit from
the highly expressed GLUT4. Meanwhile, the accumulation of
lactic acid is improved. The CPT1 was highly expressed, and the
FFA content was decreased instead in the group of ISO+TMZ,
which is most likely due to increased conversion and utilization
of FA. Indeed, the KB, which was derived from fatty acids, was in
a hypermetabolic state. So, MCT1 and other KB metabolism-
related protein expressions were further increased in the group of
ISO+TMZ. This series of changes showed that TMZ could
increase uptake of glucose, FFA, and KB and, at the same time,
increase the glucose and KB utilization and FA conversion and
utilization. Eventually, the overall effectiveness of metabolism
was improved to meet the cardiac energy demand, and cardiac
function was improved to delay the process of HF.

The limitation of the present study is that metabolomics was
not conducted. Energy metabolism in HF rats and the effect of
TMZ on myocardial should be further unambiguously
confirmed. The confirmation should be based on high-
throughput sequencing analysis through metabolomics.
Besides, the link between TMZ and AMPK/PPARa has not
been verified by in vitro experiments. We will address these
limitations in future studies.

Our study results show that myocardial structure damage and
cardiac dysfunction in ISO-induced HF rats are related to
metabolic remodeling. Myocardial substrate uptake and
utilization act as the initiations of energy metabolism. TMZ
can promote protein expression related to substrate uptake and
utilization via upregulating AMPK and PPARa expression. The
regulation is closely related to the metabolism of ketone bodies.
Moreover, The regulation ameliorates the reduction of ATP
production and a decline in cardiac function. This study
provides a reference for further studies.
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