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ABSTRACT: Diabetes mellitus (DM) and its associated complications are considered
one of the major health risks globally. Among numerous complications, diabetic
cardiomyopathy (DCM) is characterized by increased accumulation of lipids and reduced
glucose utilization following abnormal lipid metabolism in the myocardium along with
oxidative stress, myocardial fibrosis, and inflammation that eventually result in cardiac
dysfunction. The abnormal metabolism of lipids plays a fundamental role in cardiac
lipotoxicity following the occurrence and development of DCM. Recently, it has been
revealed that cannabinoid type-2 (CB2) receptors, an essential component of the
endocannabinoid system, play a crucial role in the pathogenesis of obesity, hyperlipidemia,
and DM. Provided the role of CB2R in regulating the glucolipid metabolic dysfunction and
its antioxidant as well as anti-inflammatory activities, we carried out the current study to
investigate the protective effects of a selective CB2R agonist, β-caryophyllene (BCP), a
natural dietary cannabinoid in the murine model of DCM and elucidated the underlying
pharmacological and molecular mechanisms. Mice were fed a high-fat diet for 4 weeks followed by a single intraperitoneal injection
of streptozotocin (100 mg/kg) to induce the model of DCM. BCP (50 mg/kg body weight) was given orally for 12 weeks. AM630, a
CB2R antagonist, was given 30 min before BCP treatment to demonstrate the CB2R-dependent mechanism of BCP. DCM mice
exhibited hyperglycemia, increased serum lactate dehydrogenase, impaired cardiac function, and hypertrophy. In addition, DCM
mice showed alternations in serum lipids and increased oxidative stress concomitant to reduced antioxidant defenses and enhanced
cardiac lipid accumulation in the diabetic heart. DCM mice also exhibited activation of TLR4/NF-κB/MAPK signaling and triggered
the production of inflammatory cytokines and inflammatory enzyme mediators. However, treatment with BCP exerted remarkable
protective effects by favorable modulation of the biochemical and molecular parameters, which were altered in DCM mice.
Interestingly, pretreatment with AM630 abrogated the protective effects of BCP in DCM mice. Taken together, the findings of the
present study demonstrate that BCP possesses the capability to mitigate the progression of DCM by inhibition of lipotoxicity-
mediated cardiac oxidative stress and inflammation and favorable modulation of TLR4/NF-κB/MAPK signaling pathways mediating
the CB2R-dependent mechanism.
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Diabetes mellitus (DM) is the major predominant chronic
metabolic disease and is the fifth main reason of

mortality globally.1 DM and its associated complications are
considered one of the serious risks to the contemporary
society. Among numerous diabetic complications, diabetic
cardiomyopathy (DCM) has been gaining enormous attention
due to its morbidity and mortality rates.2 The major hallmarks
of DCM are the increased accumulation of lipids and reduced
glucose utilization as a result of abnormal lipid metabolism in
the myocardium, oxidative stress, and inflammation, in
addition to structural changes such as myocardial fibrosis
and remodeling, which eventually result in cardiac dysfunc-
tion.3 The cardiac lipotoxicity caused by abnormal metabolism

of lipids plays a fundamental role in the development and
progression of DCM.4 Increasing evidence shows that
oxidative damage and inflammation are accelerated at the
early stage of diabetes, which negatively influence the cardiac
function and structure.5,6
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Oxidative stress has been shown to play a role in the
production of inflammatory cytokines. Consequently, overt
generation of free radicals that culminate into oxidative injuries
and inflammatory responses are implicated in the pathogenesis
of myocardial damage.7 A considerable number of studies
reported that type-2 DM provokes many signaling pathways
that play an important role in the progression of myocardial
inflammation.7 The mitogen-activated protein kinase (MAPK)
family, which includes extracellular signal-regulated kinase
(ERK), c-Jun N-terminal kinase (JNK), and p38, is
upregulated with heart failure,8 myocardial hypertrophy,9

insulin resistance,10 and inflammation.11 Additionally, the
TLR4-mediated inflammatory response has been shown to
play a critical role in DCM pathogenesis.12 Numerous signaling
pathways trigger nuclear factor κB (NF-κB), which eventually
promotes the overproduction of inflammatory mediators.13

To counter oxidative stress and immunoinflammatory
cascades, numerous novel pathways are being explored. One
of the recently emerged pharmacological targets for future
therapeutics in cardiovascular diseases is the endocannabinoid
system, which consists of cannabinoid type-1 and -2 (CB1R
and CB2R) receptors.14 Among different elements of the
endocannabinoid system, CB2R has attracted enormous
attention for its various pharmacological effects in addition
to the absence of psychotropic side effects mediated via
CB1R.15 The CB2R has been found to be expressed in the left
ventricular (LV) fibroblasts of neonates and adults, LV
cardiomyocytes, vascular smooth muscle cells, and endothelial
cells of larger arteries.16 The CB2R is a class A G protein-
coupled receptor (GPCR) that couples predominantly to Gαi/o
proteins, leading to inhibition of adenylyl cyclase activity and
mediation of MAPK activation.17 A growing amount of
evidence has demonstrated that CB2R activation regulates
numerous pathophysiological processes18 and is involved in
modulating several pathological conditions, including inflam-
mation,19 atherosclerosis,20 diabetes,21 and cardiovascular
disease.22 The cannabinoid receptors have been shown to be
targeted by endogenous, synthetic, and phytocannabinoid
(plant-derived) compounds. In recent years, plant-derived
bioactive compounds, commonly known as phytochemicals,
have received attention due to their extensive biological
activities, pharmacological effects, and therapeutic potential.
The phytochemical classes, specifically sesquiterpenes, have
attracted much interest due to their potent antioxidant, anti-
inflammatory, and hypoglycemic effects and therapeutic
benefits by modulating the enzymes, receptors, and signaling
pathways disturbed in diabetes and its related complications.23

Among the sesquiterpenes, β-caryophyllene (BCP), a natural
bicyclic, non-psychoactive compound predominantly found in
various plants such as clove, cinnamon, red pepper, rosemary,
hops, basil, black pepper, thyme, and oregano, has attracted
attention due to its potent therapeutic and pharmacological
properties.24 BCP is accepted to be utilized in flavors and
cosmetics according to the Food and Drug Administration
(FDA) and the European Food Safety Authority (EFSA) due
to its lower toxicity and favorable scent and taste.24 BCP is
considered a safe and nontoxic natural sesquiterpene with a
lethal dose (LD50) of 5 g/kg in rodents.25

Among plant-derived agents, BCP has garnered more
attention since its recognition as a selective pharmacological
agonist of human CB2R with a Ki of 155 nmol/L with
negligible affinity for CB1R, which stimulates activation of the
Gi/Go subfamily of G-proteins.26 The CB2R-mediated

therapeutic benefits of BCP have been demonstrated in
various disorders influencing different organs such as liver,27

kidney,28 and brain.29 Moreover, BCP has been shown to have
potent antioxidant30 and anti-inflammatory31 properties similar
to numerous other phytochemicals. Accumulating evidence
reported that BCP possesses a variety of pharmacological
effects related to its benefits in metabolic abnormalities such as
correction of hyperglycemia and hyperlipidemia and improve-
ment of insulin secretion and sensitivity.32,33 Considering the
pleiotropic properties of BCP, it is worthwhile to investigate
BCP for its potential benefits in DM and its associated
complications and underlying mechanisms. Furthermore,
CB2R activation has been shown to alleviate oxidative stress
and inflammation associated with diabetes along with
accelerating insulin secretion.34 Taking into account the
cardiovascular complications associated with type-2 DM and
attractive pharmacological activities of an emerging natural
CB2R agonist, i.e., BCP, the current study was carried out to
investigate the protective effects of BCP against type-2 DM-
mediated cardiovascular damage focusing on lipid metabolism
abnormalities, oxidative stress, and inflammation, and the
underlying mechanisms including CB2R dependency were also
investigated.

■ MATERIALS AND METHODS
Drugs and Chemicals. β-Caryophyllene (BCP) was

obtained from Sigma-Aldrich (St. Louis, MO, USA), and
streptozotocin (STZ) was bought from ChemCruz, Santa
Cruz, CA, USA. The CB2R antagonist AM630 was obtained
from Cayman Chemical Company, Ann Arbor, MI, USA.
Trisodium citrate dihydrate, hydrogen peroxide solution,
ethanol, xylene, hematoxylin, glutaraldehyde solution, and
uranyl acetate were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Lead citrate was obtained from Electron
Microscopy Sciences, Hatfield, PA, USA.
Animals. Adult, healthy, male C57BL/6 mice, weighing

20−25 g, were used in this study. The animals were bred in the
animal research facility of the College of Medicine and Health
Sciences, United Arab Emirates University, and were
randomized and distributed into different study groups.
Approval of the animal experimental protocols was obtained
by the Animal Ethics Committee of the United Arab Emirates
University, United Arab Emirates. The mice were kept in a
pathogen-free plastic cage at a constant temperature of 22 ± 2
°C and a humidity of 50 ± 10% on a 12:12 light/dark cycle
and were adapted for 1 week before the beginning of the
experiment. The animals had free access to drinking water and
were fed with a matching standard rodent diet.
Diabetes Induction and Experimental Design. Murine

DCM model was developed by feeding mice with a high-fat
diet (HFD: 45% Kcal from fat, no. D12451; Research Diets,
New Brunswick, NJ, USA) for 4 weeks with intraperitoneal
injection of one dose of STZ at 100 mg/kg/BW [freshly
dissolved in 0.1 M citrate buffer with pH 4.5].35 One week
following the STZ injection, animals with a fasting blood
glucose level of ≥250 mg/dl were defined as diabetic mice and
further included in the study and continued to feed with HFD
for another 12 weeks.

Animals were randomly assigned into six groups, each
comprising 15 mice. The groups were as follows Group I: the
naiv̈e group received the vehicle (light olive oil) orally for 12
weeks; Group II: the BCP group received BCP (50 mg/kg,
orally) for 12 weeks; Group III: the HFD group received the
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vehicle (light olive oil) orally for 12 weeks; Group IV: the
diabetic cardiomyopathy group (DCM) received the vehicle
(light olive oil) orally for 12 weeks; Group V: DCM mice
received BCP (50 mg/kg, orally) for 12 weeks; and Group VI:
DCM mice were treated with AM630 (1.5 mg/kg, orally), a
selective CB2R antagonist 30 min prior to the administration
of BCP (50 mg/kg, orally) for 12 weeks. BCP was freshly
prepared in scientific-grade light olive oil before dosing. The
dose of BCP was chosen based on the previous studies
including our laboratory studies.36 The schematic representa-
tion of the study design and duration is illustrated in Figure 1.
Assessment of Body Weights and Blood Glucose

Concentrations. The body weight (grams) of mice was
measured before the initiation of dosing and every 2 weeks and
before termination of the experiment. Also, bi-weekly fasting
blood glucose concentrations were observed using a
glucometer (One Touch Select glucometer).
Biochemical Analysis. After termination of the experi-

ment, the blood samples were collected from the inferior vena
cava and were used for biochemical analyses. For serum
samples, blood should be allowed to clot at room temperature
for at least 15−30 min and then centrifuged at 4000 rpm for 10
min. The serum separated was used for biochemical analyses.
The serum concentrations of LDH were analyzed using a
VetTest 8008 automatic serum chemistry analyzer (Idexx
Laboratories, Hoofddrop, The Netherlands). The serum
concentrations of total cholesterol (TC) were examined
using a VetTest 8008 automatic serum chemistry analyzer
(Idexx Laboratories, Hoofddrop, The Netherlands). The levels
of triglycerides (TGs) in mouse serum were assayed using a
triglyceride assay kit (ab65336; Abcam, Cambridge, U.K.). The
serum levels of high-density lipoprotein cholesterol (HDL-C)
in mice were measured using a cholesterol assay kit (ab65390;
Abcam, Cambridge, U.K.) exactly as described by the
manufacturer.

Low-density lipoprotein cholesterol (LDL-C) levels in
serum were assessed using Friedewald’s formula37

= +LDL C (mg/dl) TC (HDL C (TGs/5))

Very low-density lipoprotein (VLDL-C) cholesterol was
measured using the formula

=VLDL C TGs/5

After euthanizing the animals, the heart was immediately
excised from mice of each experimental group and dried on
filter papers and directly stored in liquid nitrogen or fixed in
4% paraformaldehyde for further biochemical and histopatho-
logical uses.
Hemodynamic Measurements. The noninvasive tail cuff

method using a CODA blood pressure system (Kent Scientific
Corporation, Torrington, CT, USA) was used to measure the
systolic blood pressure (SP), diastolic blood pressure (DP),
mean arterial pressure (MAP), and heart rate (HR). The mice

were restrained in a plastic tube holder on the heating pad
(kept at 37 °C). Each animal should be allowed to acclimatize
to the holder for 5 min before the blood pressure
measurement. The blood pressure was measured for 10
acclimation cycles followed by 15 measurement cycles. Three
days after the training period, formal measurements for the
unanesthetized blood pressure and HR were recorded.
Assessment of the Oxidative/Antioxidative Status in

the DCM Mouse Heart. The levels of malondialdehyde
(MDA) in the heart homogenate were estimated using a
commercially available MDA kit (Northwest life science
specialties, Vancouver, WA, USA) according to the method
described. The reduced glutathione (GSH) contents were
examined using commercially available GSH kits (Sigma-
Aldrich, St. Louis, MO, USA) according to the method
described. The results are expressed as μM MDA and nmoles/
ml GSH.
Analysis of Inflammatory Cytokines. The levels of

inflammatory cytokines including tumor necrosis factor-α
(TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β) in
the heart homogenates were obtained by using the enzyme-
linked immunosorbent assay (ELISA) kits (R&D Systems,
Minneapolis, MN, USA). The results were expressed as pg/ml.
Oil Red O staining. Myocardial lipid accumulation was

determined using an Oil Red O stain kit (ab150678; Abcam,
Cambridge, UK). Briefly, heart cryosections (5 μm) were fixed
in cold propylene glycol for 5 min; then, slides were kept
overnight at room temperature in Oil Red O solution. After
differentiation in 85% propylene glycol for one min and rinsing
in two changes of distilled water, the frozen sections were
counterstained with hematoxylin for one min. Photographs
were taken and visualized through a light microscope (BX43,
Olympus Co. Ltd, Japan). The lipid droplets were recognized
by red staining. The degree of lipid deposits in cardiac tissue
was quantitatively measured by using ImageJ software
(National Institutes of Health, Bethesda, Maryland, USA).
Transmission Electron Microscopy (TEM). Following

fixation in Karnovsky’s fixative, the heart tissues were
dehydrated using ascending ethanol grades and embedded in
Epon resin. Ultrathin sections were cut using an ultra-
microtome and then stained with uranyl acetate and lead
citrate. Finally, the lipid droplets in heart tissues were detected
with TEM.
Immunohistochemistry. The heart sections were dew-

axed and incubated with citrate buffer at pH (6.1) in a water
bath (95 °C) for 40 min to confirm the antigen retrieval. Then,
the samples were treated with 0.3% hydrogen peroxide to
inhibit endogenous peroxidase activity and stained with
VECTASTAIN Elite ABC kits, according to the manufacturer’s
protocol supplied with the kit (Vector Laboratories Inc,
Burlingame, CA, USA). After blocking with the Vectastain
blocking reagent, the sections were incubated overnight with p-
NF-κB p65 (1:50) (mouse IgG monoclonal, Cat#136548,

Figure 1. Schematic presentation of the study protocol.
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Santa Cruz Biotechnology, USA). The sections were then
incubated with the biotinylated secondary antibody for 1 h at
room temperature and thereafter with the avidin−biotin
complex (VECTASTAIN Elite ABC kits) for another 1 h.
The sections were then developed with DAB (DAB Kit, Vector
Laboratories Inc, Burlingame, CA, USA) for 5 min and
counterstained with hematoxylin for 1 min. For detection of
the % area of cells immunostained with p-NF-κB p65, the
images of selected regions of heart sections were captured by
using a digital camera (BX43, Olympus Co. Ltd, Japan).
Positive staining (brown) in each section was quantitatively
measured by using ImageJ software (National Institutes of
Health, Bethesda, Maryland, USA).
Western Blotting. Total protein extracts from frozen heart

samples were prepared by homogenizing cardiac tissues in an
ice-cold RIPA buffer supplemented with a cocktail of protease
and phosphatase inhibitors (Sigma-Aldrich, MO, USA), and
the tissue lysates were then centrifuged on a microcentrifuge
(14,000 rpm, 30 min, 4 °C). Laemmli loading buffer (Bio-Rad,
Hercules, CA, USA) containing 2-mercaptoethanol (Sigma-
Aldrich, St. Louis, MO, USA) was added to the supernatant
and then was separated by gel electrophoresis and transferred
to PVDF membranes (Amersham Hybond P 0.45, PVDF, GE
Healthcare Life Sciences, Germany). The membranes were
incubated with the corresponding primary antibody (Table 1)

overnight at 4 °C and the appropriate secondary antibodies.
Protein blots were developed by using a chemiluminescence
West Pico kit obtained from Thermo Fisher Scientific,
Waltham, MA, USA. The densitometric analysis of protein
bands was done using the ImageJ program (National Institutes
of Health, Bethesda, Maryland, USA).
Statistical Analysis. Results are reported as mean ± SEM.

The nonparametric t-test (Mann−Whitney U test) was used to
compare the significance difference between two groups, and
analysis of variance (ANOVA) followed by Tukey’s post hoc
test was used to compare the mean among various groups. The
data were analyzed for statistical significance using GraphPad

Prism version 8 (GraphPad Software Boston, MA, USA).
Values of P < 0.05 were considered to indicate a statistically
significant difference.

■ RESULTS
Effects of BCP on Body Weight and Blood Glucose

Levels in DCM. Figure 2A,B illustrates the alterations in body
weights and blood glucose levels throughout the study period.
HFD mice demonstrated a remarkable rise in body weight
compared to that of naiv̈e mice fed with normal diet, whereas
the other groups did not show significant difference in the
body weights. In addition, HFD-fed mice had mild hyper-
glycemia, while DCM mice showed further elevation in fasting
blood glucose levels compared to naiv̈e mice. BCP treatment
for 12 weeks appeared to decrease fasting blood glucose levels
significantly in DCM mice. However, AM630 treatment prior
to BCP reversed the effectiveness of BCP on reducing
hyperglycemia.
Effects of BCP on Myocardial Injury, Cardiac

Function, and Hypertrophy in DCM. Serum LDH and
hemodynamic parameters were estimated to evaluate the
myocardial injury and cardiac function of the DCM mice. The
serum level of LDH was significantly elevated in DCM mice
compared to naiv̈e mice, indicating significant myocardial
damage. However, BCP administration inhibited the injury-
induced LDH release into the serum as indicated by a
remarkable reduction in cardiac injury marker enzymes in the
serum compared to DCM mice (Figure 3A). Interestingly, the
protective effects of BCP on LDH release were significantly
blocked by prior treatment with AM630 to the DCM mice as
depicted in Figure 3A. As shown in Figure 3B−E, HFD mice
and DCM mice revealed a remarkable elevation in systolic,
diastolic, and mean arterial pressure, while a significant
decrease in the heart rate compared to the naiv̈e group was
observed. BCP treatment significantly restored the systolic,
diastolic, and mean arterial pressure without showing
significant difference in the heart rate compared to DCM
mice. However, AM630 administration prior to treatment with
BCP has no significant alteration in the hemodynamic
parameters of DCM mice.

Cardiac hypertrophy is also one of the characteristic features
of DCM. Hence, the effect of BCP oral administration on
myocardial hypertrophy was assessed. We examined the
protein expression of the myocardial hypertrophy marker
brain natriuretic peptide (BNP) by western blot (Figure
3F,G). The results revealed that BCP treatment markedly
attenuated diabetes-stimulated BNP. Interestingly, prior
administration of AM630 abrogated this protective effect of
BCP. These findings suggested that BCP ameliorates type-2
diabetes-induced myocardial damage and hypertrophy by
activating CB2R.
Effects of BCP on Myocardial Lipid Metabolism in

DCM. Abnormalities in fatty acid metabolism in cardiac tissue
are one of the underlying reasons of DCM.38 Excessive lipid
intake causes lipid accumulation in cardiomyocytes, which are
stored in the cardiomyocyte cytosol as lipid droplets. Thus,
myocardial lipid accumulation is one of the major features of
DCM.38 As depicted in Figure 4A−E, HFD and DCM mice
demonstrated atherogenic lipid profiles featured by a
remarkable elevation of TGs levels, TC, LDL-C, HDL-C,
and VLDL-C when compared to the naiv̈e mice. Treatment of
the DCM mice with BCP showed significant reversal of these
lipid profile derangements except for HDL-C. Administration

Table 1. Source, Manufacturer, Catalog, and Dilution of
Primary Antibodies Used in the Present Study

primary
antibody dilution Cat No manufacturer

sources of
species

BNP 1:500 ab19645 Abcam rabbit
p-NF-κB p65 1:500 sc-136548 Santa Cruz

Biotechnology
mouse

p-IκBα 1:500 2859 Cell Signaling
Technology

rabbit

TLR4 1:500 ab13556 Abcam rabbit
iNOS 1:500 ab3523 Abcam rabbit
ERK 1:1000 ab36991 Abcam rabbit
p-ERK 1:500 sc-7383 Santa Cruz

Biotechnology
mouse

JNK 1:1000 sc-7345 Santa Cruz
Biotechnology

mouse

p-JNK 1:500 sc-6254 Santa Cruz
Biotechnology

mouse

P38 1:1000 ab31828 Abcam rabbit
p-p38 1:500 ab47363 Abcam rabbit
GAPDH 1:2000 97166 Cell Signaling

Technology
mouse

β-tubulin 1:2000 2128 Cell Signaling
Technology

rabbit

vinculin 1:2000 sc-73614 Santa Cruz
Biotechnology

mouse
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of AM630 before BCP treatment reversed the positive effect of
BCP on these lipid parameters except for TC and HDL-C.

Besides, Oil Red O staining was used for staining lipid
droplets in cardiac tissues to assess the degree of myocardial
lipid accumulation (Figure 4F,G). The results demonstrated a
remarkable elevation in myocardial lipid accumulation of
HFD-fed mice, compared to naiv̈e mice. DCM mice displayed
more increase in myocardial lipid accumulation. Treating
DCM mice with BCP significantly reduced the level of lipid
accumulation in the cardiac tissues. However, AM630
administration prior to BCP treatment removed the protective
effects of BCP. The degree of lipid accumulation in the
myocardium was further proved by transmission electron
microscopy (Figure 4H). The results demonstrate a remark-
able lipid droplet in the myocardium of HFD-fed mice and
further rise in DCM mice. BCP treatment significantly reduced
lipid droplets, which was further abrogated by AM630, a CB2R
antagonist. Taken together, these data reveal that BCP can
attenuate the abnormal lipid metabolism in cardiomyocytes
induced by T2DM in a CB2R-dependent mechanism.
Effects of BCP on Cardiac Oxidative Damage in DCM.

HFD mice showed a significant increase in cardiac oxidative
stress, as manifested by a remarkable elevation of the lipid
peroxidation product MDA along with a significant reduction
of GSH. The DCM group mice further showed enhanced
myocardial oxidative stress, which was entirely inhibited by
BCP oral treatment. Giving AM630 ahead of BCP treatment
markedly alleviated the antioxidant effects of BCP (Figure
5A,B). Overall, these findings indicate that BCP treatment
inhibited oxidative damage in DCM mice mediating activation
of CB2R.
Effects of BCP on Cardiac Inflammation in DCM. Next,

to examine the inflammation in DCM mice, the proin-
flammatory cytokine levels (i.e., TNF-α, IL-6, and IL-1β) in
heart tissues were evaluated. As shown in Figure 6A−C, the
cardiac levels of TNF-α, IL-6, and IL-1β were markedly
elevated in HFD mice in comparison with the naiv̈e group and
further increased in DCM mice. Treating DCM mice with
BCP significantly decreased the production of proinflamma-
tory cytokines, an effect that was abrogated by prior
administration of AM630.
Effects of BCP on Proinflammatory Mediator Levels

and TLR4/NF-κB/MAPK Signaling in Cardiac Tissue of
DCM. Western blot data showed that the expression of
inflammatory mediators involving iNOS, TLR4, p-NF-κB p65,
and p-IκBα was significantly increased in DCM mice when

compared to the naiv̈e group. Furthermore, the protein
expression in heart tissue and densitometric analysis of
MAPK signaling components showed a remarkable increase
in the MAPK signaling cascade, particularly the expression
levels of p38 MAPK and JNK in the myocardium of HFD mice
with a further increase in DCM mice compared to naiv̈e mice.
BCP treatment, however, significantly downregulated the
expression of p38 MAPK and JNK compared to DCM.
There was no change in the ERK activation in the DCM heart
tissues compared to the naiv̈e group; BCP treatment of DCM
mice had no significant effect on ERK activation. Prior
administration of AM630 significantly reversed the positive
effects of BCP in DCM (Figure 7A−D).

Supporting the results of protein expression data,
immunohistochemistry study (Figure 7E,F) demonstrates the
increased expression of p-NF-κB p65 in myocardial tissue of
DCM mice. Nevertheless, BCP treatment to DCM mice
resulted in significant reduction in the expression of p-NF-κB
p65. However, AM630 notably abolished the positive effect of
BCP in DCM. The data demonstrated that BCP by CB2R
activation prevents T2DM-induced myocardial inflammation
through attenuation of TLR4/NF-κB/MAPK signaling path-
ways.

■ DISCUSSION
Diabetes and diabetes-associated complications are a major
health risk globally. Among numerous complications, DCM is
characterized by increased accumulation of lipids and reduced
glucose utilization following abnormal lipid metabolism in the
myocardium along with oxidative stress, myocardial fibrosis,
and inflammation and altered cellular signaling that eventually
results in cardiac dysfunction. BCP, a naturally available
selective agonist of CB2R, is recognized to exhibit numerous
biological properties and pharmacological effects; however, the
protective role of BCP against DCM-mediated myocardial
injury and underlying mechanisms remains to be studied.

In the present study, animals with T2DM-associated cardiac
complication were treated with 50 mg of BCP/kg orally for 12
weeks. BCP mitigated DCM-mediated metabolic and lipidemic
alternations, myocardial injury, hypertrophy, and oxidative
stress and inflammation in the heart tissues. Furthermore, BCP
ameliorated DCM-induced inflammatory signaling cascades via
favorable modulation of the TLR4/NF-κB/MAPK signaling
pathway in a CB2R-dependent manner. To the best of our
knowledge, this study is the first to systematically report the
protective effects of BCP against DCM and associated

Figure 2. Effects of BCP on body weight and blood glucose levels in DCM mice. (A) Body weight. (B) Blood glucose. Data are expressed as mean
± SEM, n = 8−10. aP < 0.05 compared to naive, bP < 0.05 compared to HFD, cP < 0.05 compared to DCM, and dP < 0.05 compared to DCM +
BCP.
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myocardial dysfunction in mice by mitigating abnormal lipid
metabolism-induced oxidative stress and inflammation medi-
ating activation of CB2R.

Generally, sustained and over-intake of high-fat diet for a
long duration causes body weight gain due to accumulations of
saturated fat in the body. However, administration of
streptozotocin leads to uncontrolled hyperglycemia, which
eventually results in weight reduction of diabetic animals.39 In
the present study, only HFD mice showed weight gain, while
other groups did not show a remarkable alternation in body
weights. Glycemic control, i.e., bringing blood glucose to the
normal level, is a main priority for diabetes treatment because
it might relieve metabolic abnormalities and inhibit the
progression of diabetic complications.40 In the current study,

BCP treatment significantly reduced hyperglycemia in DCM
mice after 12 weeks of treatment. The observed antihypergly-
cemic effect of BCP is supported by the results of previous
studies in vitro32 and in vivo41 studies. This antihyperglycemic
effect of BCP may be partly supported by the enhancement of
insulin release from pancreatic β cells,32 increase of glucose
uptake and utilization,42 inhibition of hepatic gluconeo-
genesis,21 and modulation of carbohydrate metabolism.43

The antihyperglycemic activity of BCP was abolished by
prior treatment with the CB2R antagonist AM630 that has
obviously indicated the CB2R-related mechanism beyond the
antihyperglycemic effect of BCP.

It has been well known that T2DM patients are vulnerable
to myocardial dysfunction and cardiovascular diseases.44 The

Figure 3. Effects of BCP on the cardiac function, myocardial injury, and hypertrophy in DCM mice. (A) Serum marker of myocardial injury; LDH.
n = 6. (B) Systolic blood pressure. (C) Diastolic blood pressure. (D) Mean arterial pressure. (E) Heart rate. n = 6−8. (F) Representative image of
western blot analysis of BNP. (G) Densitometric analysis of the myocardial protein expression of BNP. n = 3. Data are expressed as mean ± SEM.
aP < 0.05 compared to naive, bP < 0.05 compared to HFD, cP < 0.05 compared to DCM, and dP < 0.05 compared to DCM + BCP. LDH, lactate
dehydrogenase and BNP, brain natriuretic peptide.
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Figure 4. Effects of BCP on lipid metabolism in DCM mice. Serum levels of (A) TC, (B) TGs, (C) LDL-C, (D) VLDL-C, and (E) HDL-C. n = 6.
(F) Lipid droplet accumulation in myocardium by Oil red O staining (40×). (G) Semiquantitative analysis of Oil red O staining to evaluate the
lipid accumulation. n = 3. (H) Electron micrographs of lipid droplets in cardiomyocytes (11,500×). n = 3. Data are expressed as mean ± SEM. aP <
0.05 compared to naive, bP < 0.05 compared to HFD, cP < 0.05 compared to DCM, and dP < 0.05 compared to DCM + BCP. TC, total
cholesterol; TGs, triglycerides; LDL-C, low-density lipoprotein; VLDL-C, very low-density lipoprotein; HDL-C, high-density lipoprotein.
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assessment of biomarkers of the cardiac function provides
important information about cardiac functioning, and bio-
markers such as LDH and BNP have been regarded as some of
the standard biomarkers for the detection of cardiac injury and
hypertrophy, respectively.45 The raised levels of LDH and BNP
in the DCM mice in the present study reaffirmed cardiac injury
and hypertrophy. The findings detected in the present study

are in agreement with earlier studies.46 However, DCM mice
that received BCP treatment for 12 weeks showed significant
improvement in cardiac function as evidenced by the
remarkable decrease in LDH levels as well as downregulation
of the BNP expression compared to DCM mice. The
restoration of LDH and BNP demonstrates the membrane
stabilizing effect on cardiomyocytes and further demonstrates

Figure 5. Effects of BCP on oxidative stress markers in DCM mice. (A) MDA. (B) GSH. Data are expressed as mean ± SEM, n = 6. aP < 0.05
compared to naive, bP < 0.05 to HFD, cP < 0.05 to DCM, and dP < 0.05 to DCM + BCP. MDA, malondialdehyde and GSH, reduced glutathione.

Figure 6. Effects of BCP on proinflammatory markers in DCM mice (A) TNF-α, (B) IL-6, and (C) IL-1β. Data are expressed as mean ± SEM, n =
6. aP < 0.05 compared to naive, bP < 0.05 compared to HFD, cP < 0.05 compared to DCM, and dP < 0.05 compared to DCM+BCP. TNF-α, tumor
necrosis factor-α; IL-6, interleukin-6; and IL-1β, interleukin-1β.
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the cardioprotective potential of BCP. The protective effects of
BCP were significantly reversed by prior treatment with
AM630 that reveals a CB2R-dependent mechanism of BCP.

We further investigated the effect of BCP on hemodynamics
in DCM mice. The results display remarkable elevation in the
systolic, diastolic, and mean arterial pressure, whereas a
decrease in heart rate was observed in the DCM mice

model. The altered hemodynamic parameters are suggestive of
cardiac insufficiency in the DCM mice. BCP treatment for 12
weeks significantly restored the alterations in hemodynamic
parameters, although AM630 treatment given before BCP did
not alter the hemodynamic parameters in DCM mice. These
observations are in harmony with earlier studies displaying the
cardioprotective effects of BCP.47 The data suggested that

Figure 7. Effects of BCP on inflammatory mediators and NF-κB/MAPK signaling proteins. (A−D) Western blotting analysis on the expressions
and densitometric analysis of inflammatory mediators and NF-κB/MAPK signaling proteins. (E, F) Immunohistochemistry analysis for the
expressions and densitometry of p-NF-κB-p65 (40× magnification). Data are expressed as mean ± SEM, aP < 0.05 compared to naive, bP < 0.05
compared to HFD, cP < 0.05 compared to DCM, and dP < 0.05 compared to DCM + BCP.
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BCP can correct altered cardiac dysfunction, hypertrophy, and
myocardial injury in DCM mice.

Hyperlipidemia has been well identified to raise the risk of
cardiovascular disorders.48 In the current study, DCM mice
display elevated levels of serum TC, TGs, LDL-C, VLDL-C,
and HDL-C. These observations of the present study are in
line with the previous studies.49,50 Therefore, modulating lipid
metabolic alterations is crucial otherwise that has the potential
to result in cardiovascular diseases. In this study, BCP
treatment significantly improved the lipid parameter derange-
ment in DCM mice that demonstrates the hypolipidemic effect
of BCP. The positive effect of BCP on abnormal lipid profiles
can be reasonably ascribed to its insulinotropic effects. The
hypolipidemic and hypocholesterolemic properties of BCP are
in accordance with earlier studies.41,51 The favorable
modulation of enzymes involved in cholesterol metabolism
has been attributed to the cholesterol lowering effects of
BCP.51 Interestingly, prior administration of the CB2R
antagonist, AM630 remarkably reversed the antihyperlipidemic
effect of BCP and further reveals CB2R-dependent actions of
BCP.

Cardiac lipid metabolism disorder is also a major reason of
cardiac oxidative stress and inflammatory in type-2 diabetes. It
has been demonstrated that type-2 diabetes leads to increased
blood glucose, insulin resistance, and hyperinsulinemia, and
these pathologic alternations lead to a reduction in the
utilization of glucose and an elevation in the availability of fatty
acids.52 The heart is not a main organ for lipid storage, but
hyperlipidemic conditions in obese and diabetic patients cause
extreme cardiac uptake of fatty acids, and a part of the fatty
acids are transformed into TGs and accumulated in cardiac
myocytes.52 Following lipid accumulation in cardiomyocytes,
the heart produces toxic lipid intermediates including
diglycerides, neuropterin, and reactive oxygen species (ROS),
eventually resulting in cardiac inflammation, fibrosis, and
sequalae.53 The present study reveals that myocardial lipid
accumulation significantly increased in DCM mice, and BCP
treatment has produced significant reduction in the degree of
myocardial lipid accumulation, whereas prior administration of
AM630 before BCP reversed the positive effects of BCP that
clearly reveals the CB2R-dependent mechanism underlying the
antilipotoxic effect of BCP. These findings clearly demonstrate
that BCP has potential to diminish abnormalities in lipid
metabolism in DCM mice by activating CB2R.

The coincidence of the hyperglycemic and hyperlipidemic
status is correlated with elevated ROS release, which promotes
oxidative stress and contributes to the development and
progression of DCM and further cardiovascular disorders.54

Augmented ROS production along with the reduced
antioxidant defense mechanism encourages oxidative injury
in the diabetic heart.5 In harmony with earlier studies, the
DCM mouse heart showed an increase in the MDA level,
coupled with a reduced GSH level.5,50 Excessive lipid
peroxidation disrupts the phospholipid bilayer integrity and
causes inactivation of membrane-bound enzymes and
receptors, resulting in enhanced cell permeability and
apoptosis. Additionally, ROS can lessen the antioxidant activity
at the cellular level by stimulating oxidation of the antioxidant
enzymes.55 Thus, maintaining cellular redox homeostasis
provides an efficient approach to mitigate oxidative damage
in numerous disorders. Herein, BCP amplified the antioxidant
status and mitigated oxidative damage in the DCM mouse
heart, evidenced by a reduced level of MDA and increased

level of GSH. In agreement, BCP showed to attenuate
cyclophosphamide56 and doxorubicin-mediated myocardial
injury57 via repressing lipid peroxidation and amelioration of
the endogenous antioxidant system. Moreover, the antioxidant
potential and free radical scavenging activity of BCP might be
linked to the noticed alleviation of oxidative injury in DCM
mice.58 The positive effects of BCP were mitigated by
treatment with AM630, evidently revealing the CB2R-related
mechanism beyond the antioxidant activity of BCP. These
results exhibited that BCP can lessen cardiac injury in DCM
mice by alleviating oxidative stress via a CB2R-dependent
mechanism.

The oxidative stress and inflammatory process are closely
connected to further progression of myocardial damage under
T2DM.7 DCM mice in the current study displayed an
elevation in cardiac levels of proinflammatory cytokines and
mediators including TNF-α, IL-6, IL-1β, and iNOS. These
proinflammatory mediators have a significant impact in
diabetic cardiovascular diseases, and earlier findings described
a positive connection among their levels, oxidative damage,
and diminished function of the left ventricle in experimental
DCM.5,59 TNF-α has been involved in myocardial dysfunction
and remodeling. Giving TNF-α in vivo caused myocardial
inflammation and dysfunction.60 Also, treating diabetic animals
with the anti-TNF-α monoclonal antibody repressed the
cardiac inflammatory response and fibrosis.61 Hereafter,
approaches to decrease proinflammatory cytokine release
could provide fruitful cardioprotective effects in diabetic
patients.62 Treating DCM mice with BCP in the present
study demonstrates a remarkable decrease in the cardiac
proinflammatory cytokine and mediator levels (TNF-α, IL-6,
IL-1β, and iNOS). Particularly, the efficiency of BCP as an
anti-inflammatory compound is at least partial because of its
capacity to suppress the main proinflammatory mediators such
as TNF-α, IL-1β, IL-6, iNOS, NF-κB, cyclooxygenase 1 (COX-
1), and cyclooxygenase 2 (COX-2).26,41 Correspondingly, BCP
inhibited cardiac inflammation in doxorubicin-induced rats.57

Also, BCP reduced diet-induced inflammation in rats via the
stimulation of PPAR-γ, probably through receptor cross-talk
between PPAR-γ receptor systems and CB2R systems.41

Interestingly, prior treatment with AM630 significantly blocked
the positive effect of BCP, which has clearly revealed the
CB2R-related mechanism beyond the anti-inflammatory
activities of BCP. These findings corroborate our theory that
BCP suppresses the production of proinflammatory cytokines
in the heart of DCM mice via activating CB2R.

Moreover, a long-term sustained low-grade inflammatory
state has been regarded as an alternative important
contributing factor promoting numerous signaling involving
TLRs, MAPKs, and NF-κB in the pathophysiology of DCM.13

Toll-like receptors (TLRs) are the main elements of the innate
immune system, and examining TLR signaling provides
valuable data regarding inflammation.63 In an activated state,
TLR signaling is implemented though myeloid differentiation
factor 88 (MyD88), which activates in turn IL-1β receptor-
associated kinases (IRAKs) and tumor necrosis factor-α
receptor-associated factor 6 (TRAF6), which then stimulates
phosphorylation and degradation of IκBα via activation of IKK
(IκB kinases) that stimulate NF-κB release and generation of
proinflammatory cytokines.63 In the current study, the protein
expression level of TLR4 was remarkably overexpressed with
enhanced p-NF-κB p65 and p-IκBα expression in the heart of
DCM mice. Moreover, immunohistochemical study proved the
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activation of p-NF-κB p65 in the heart of DCM mice. The
stimulation of TLR4/NF-κB signaling to boost inflammatory
conditions and myocardial damage has been described by
many investigators.12 Earlier, Bagul et al.64 detected the
stimulation of proinflammatory transcription factor i.e., NF-κB,
in the diabetic heart. In response to activated TLR4/NF-κB,
proinflammatory cytokines such as TNF-α, IL-1β, and IL-6
were markedly triggered concomitant to reduced anti-
inflammatory cytokines such as IL-10 in mice with T2DM,
implying the key role of inflammatory events in the
pathophysiology of myocardial injury.65 The findings of the
study revealed that BCP treatment significantly reduced the
expression levels of TLR4, p-NF-κB p65, and p-IκBα, revealing
prevention of TLR4/NF-κB signaling.

On the contrary, the mitogen-activated protein kinase
(MAPK) pathway mediated by ERK, JNK, and p38 has been
implicated in the regulation of various cellular events such as
insulin resistance10 and inflammation.66 Stimulation of JNK
and p38 MAPK protein kinases has a vital function in the
generation of inflammatory responses.66 Another MAPK
protein kinase such as ERK becomes phosphorylated and
activated by MEK, and activated ERK1/2 has a critical effect in
inflammation since NF-κB has been known as its downstream
target and recognized to promote IL-1β signaling.67 The
enhancement of p38 MAPK and JNK is proved from the
overexpression of p38 MAPK and JNK proteins in the heart of
DCM mice, while treating DCM mice with BCP has
attenuated the DCM-mediated stimulation of p38 MAPK
and JNK pathways indicated by the downregulated protein
expression of p38 MAPK and JNK. However, prior treatment
with AM630 markedly reversed the protective effects of BCP
in DCM mice, obviously revealing the functional CB2R
beyond the suppression of the TLR4/NF-κB/MAPK signaling
pathway.

■ CONCLUSIONS
The present study findings demonstrate that BCP produced
remarkable cardioprotection via its modulatory effects on
diabetes mellitus-associated metabolic derangements, lipide-
mia, and cardiac dysfunction. Also, BCP mitigated cardiac
lipotoxicity and suppressed diabetic cardiomyopathy by
alleviating oxidative stress and favorably modulating TLR4/
NF-κB/MAPK signaling pathway-dependent pathways in the
event of inflammation. The CB2R-dependent actions of BCP
have been attributed to mediate its protective effect, and the
CB2R-selective agonism is believed to provide a safe
alternative over other cannabinoids being devoid of psycho-
tropic effects. BCP in numerous other studies has been shown
to mitigate oxidative stress and hyperactivation of immunoin-
flammatory cascades. Corroborating its protective effects in
other cardiovascular diseases as well as its abundance in edible
plants and dietary availability, BCP may be a promising agent
to be developed as a nutraceutical as well as pharmaceutical
compound for diabetic cardiomyopathy with a pharmaco-
logical rationale of being an activator of CB2R. Provided its
safety, wider availability, accessibility, and dietary bioavail-
ability, BCP could be considered for future clinical studies to
manage cardiomyopathy and other cardiovascular complica-
tions associated with diabetes mellitus. The observations of the
present study demonstrate that CB2R agonists can be a first-in-
class medication for preventing cardiomyopathy in diabetic
conditions. Moreover, regulatory toxicology and human studies

are suggested to translate the findings and establish further
safety, efficacy, and pharmacokinetics.

■ ASSOCIATED CONTENT
Data Availability Statement
The data used to support the findings of this study are already
incorporated in the results section.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsptsci.3c00027.

Nonsentence format listing the contents of the material
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
Shreesh Ojha − Department of Pharmacology and
Therapeutics, College of Medicine and Health Sciences,
United Arab Emirates University, Al Ain, United Arab
Emirates; Zayed Bin Sultan Center for Health Sciences,
College of Medicine and Health Sciences, United Arab
Emirates University, Al Ain, United Arab Emirates;

orcid.org/0000-0001-7801-2966; Phone: +971-
37137524; Email: shreeshojha@uaeu.ac.ae

Authors
Hebaallah Mamdouh Hashiesh − Department of
Pharmacology and Therapeutics, College of Medicine and
Health Sciences, United Arab Emirates University, Al Ain,
United Arab Emirates; Department of Pharmacology and
Toxicology, Faculty of Pharmacy, Helwan University, Cairo
11795, Egypt

Azimullah Sheikh − Department of Pharmacology and
Therapeutics, College of Medicine and Health Sciences,
United Arab Emirates University, Al Ain, United Arab
Emirates

Mohamed Fizur Nagoor Meeran − Department of
Pharmacology and Therapeutics, College of Medicine and
Health Sciences, United Arab Emirates University, Al Ain,
United Arab Emirates

Dhanya Saraswathiamma − Department of Pathology, College
of Medicine and Health Sciences, United Arab Emirates
University, Al Ain, United Arab Emirates

Niraj Kumar Jha − Department of Biotechnology, School of
Engineering and Technology, Sharda University, Greater
Noida 201310 Uttar Pradesh, India

Bassem Sadek − Department of Pharmacology and
Therapeutics, College of Medicine and Health Sciences,
United Arab Emirates University, Al Ain, United Arab
Emirates

Ernest Adeghate − Department of Anatomy, College of
Medicine and Health Sciences, United Arab Emirates
University, Al Ain, United Arab Emirates

Saeed Tariq − Department of Anatomy, College of Medicine
and Health Sciences, United Arab Emirates University, Al
Ain, United Arab Emirates

Saeeda Al Marzooqi − Department of Pathology, College of
Medicine and Health Sciences, United Arab Emirates
University, Al Ain, United Arab Emirates

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsptsci.3c00027

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Article

https://doi.org/10.1021/acsptsci.3c00027
ACS Pharmacol. Transl. Sci. 2023, 6, 1129−1142

1139

https://pubs.acs.org/doi/10.1021/acsptsci.3c00027?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsptsci.3c00027/suppl_file/pt3c00027_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shreesh+Ojha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7801-2966
https://orcid.org/0000-0001-7801-2966
mailto:shreeshojha@uaeu.ac.ae
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hebaallah+Mamdouh+Hashiesh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Azimullah+Sheikh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamed+Fizur+Nagoor+Meeran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dhanya+Saraswathiamma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Niraj+Kumar+Jha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bassem+Sadek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ernest+Adeghate"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saeed+Tariq"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saeeda+Al+Marzooqi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00027?ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.3c00027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Author Contributions
conceptualization, S.O.; methodology, S.O. and H.M.H.;
formal analysis, H.M.H. and M.F.N.M.; investigation,
H.M.H., treatment protocol and animal surgery, H.M.H.,
S.A., and M.F.N.M., imaging studies, D.S. and S.M., original
draft preparation, H.M.H.; scheme drawn, N.K.J.; review and
editing, B.S., S.O., and N.K.J.; supervision, S.O.; and funding
acquisition, S.O.
Notes
The authors declare no competing financial interest.
The study was approved by the Animal Ethics Committee of
United Arab Emirates University, UAE.

■ ACKNOWLEDGMENTS
The authors are thankful to the College of Graduate Studies
and Assistant Dean for Research and Graduate Studies College
of Medicine and Health Sciences for the award of the PhD
fellowship to Mrs Hebaallah M Hashiesh. The authors are
thankful to the United Arab Emirates University for the award
of the research grants (#12R104, 12M121) to Dr. Shreesh
Ojha.

■ REFERENCES
(1) Shaw, J. E.; Sicree, R. A.; Zimmet, P. Z. Global estimates of the

prevalence of diabetes for 2010 and 2030. Diabetes Res. Clin. Pract.
2010, 87, 4−14.
(2) Poornima, I. G.; Parikh, P.; Shannon, R. P. Diabetic

cardiomyopathy: the search for a unifying hypothesis. Circ. Res.
2006, 98, 596−605.
(3) Feng, W.; Lei, T.; Wang, Y.; Feng, R.; Yuan, J.; Shen, X.; Wu, Y.;

Gao, J.; Ding, W.; Lu, Z. GCN2 deficiency ameliorates cardiac
dysfunction in diabetic mice by reducing lipotoxicity and oxidative
stress. Free Radicals Biol. Med. 2019, 130, 128−139.
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