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Abstract

Carnosic acid possesses antioxidant and anti-inflammatory effects. Early evidence indicates that this phenolic diterpenoid
protects the heart against myocardial infarction, although the mechanism is unknown. For this research, male rats were
divided into four groups: the control group, the myocardial infarction group (85 mg/kg, isoproterenol on the 19th and 20th
days of experiment), and myocardial infarction groups pretreated with 10 and 20 mg/kg/bw of carnosic acid for 21 days.
Following animal sacrifice, serum cardiac markers, cardiac oxidative stress, inflammation, and histological and molecular
analysis were conducted. Pretreatment of carnosic acid to myocardial infarction—induced rats showed to reduce the ratio of
cardiac weight/body weight ratio as well as the size of the infarction. Furthermore, serum cardiac biomarkers and lipid per-
oxidation were significantly reduced, but antioxidant enzymes were significantly increased in myocardial infarction—induced
rats pretreated with carnosic acid. Carnosic acid significantly lowers cardiac inflammatory markers as well as improved
histological abnormalities in isoproterenol-injected rats. Carnosic acid has been shown to efficiently reverse isoproterenol-
induced myocardial infarction by lowering infraction size and decreasing oxidative stress and inflammation by activating
Nrf2/HO-1 and TLR4/NF-xB signaling pathways.
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Introduction

Myocardial infarction (MI) is a common disease associated
with a high morbidity and mortality rate. MI is killing more
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tion (WHO), and both men and women are equally at risk
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Oxidative stress alters molecular and cellular lever signal-
ing networks, which plays a key role in cardiac disease as a
consequence of an imbalance between reactive oxygen spe-
cies (ROS) and antioxidants (Byrne et al. 2021). The anti-
oxidant and anti-inflammatory effects are mediated by the
nuclear factor (erythroid-derived 2)-like 2 (Nrf2) protein.
Nrf2 is a cardioprotective factor because it protects against
maladaptive remodeling and decreased heart function. Nrf2
separated from Keapl in cytoplasm and translocated into
the nucleus in response to potential oxidative stress stimuli,
resulting in transcriptional activation of phase II enzymes/
antioxidant genes such as HO-1, glutathione S-transferase
(GST), and glutamate cysteine ligase (GCL) (Bellezza et al.
2018).

Because of oxidative stress, the production of pro-
inflammatory cytokines is increased (Devi et al. 2021).
Inflammation has been found to impair heart repair, induce
ischemic damage, and reshape the heart after myocardial
infarction (Neri et al. 2015). TLR4 is a member of the
transmembrane recognition protein family, which can
attach to MYDG88 that results in the production of pro-
inflammatory cytokines such as tumor necrosis factor
(TNF)-a, and interleukin-6 (IL-6) and interleukin-1f (IL-
1p). Additionally, nuclear factor-kB (NF-kB) is activated
with encoding of pro-inflammatory genes (Su et al. 2018).

A variety of medicines have been utilized throughout
history to address acute cardiac problems. While synthetic
medicines have been shown to be effective in the treat-
ment of MI and its symptoms, they are linked to serious
adverse effects. A variety of plant chemicals are avail-
able or are undergoing clinical trials to determine their
effectiveness against this disease. The proposed antioxi-
dant therapy mechanism for phytochemical protection on
endothelial cells, low-density lipoprotein, inflammation,
and thrombosis is included to control the oxidative burden
due to excessive formation of free radicals which causes
damage to endothelial cells and leads to the expression
of vascular adhesion molecule which ultimately recruits
monocytes and hinders the protective role of nitric oxide
and the peroxidation of low-density lipoproteins, causing
inflammation and altogether leading to accumulation of
lipids in the arteries and, ultimately, to the development
of cardiovascular disease (Devi et al. 2021).

Carnosic acid (1) is a phenolic diterperne compound
that is an abundant member of the mint family, Lamiaceae,
such as sage (Salvia officinalis L.) and rosemary (Ros-
marinus officinalis L.). Both plants are used in traditional
medicine and culinary worldwide (Erkan et al. 2008).
During the past decade, compound 1 has been found to
have a wide range of bioactive properties, including anti-
oxidant, anti-inflammatory, and anticancer activities (Lin

et al. 2018). It was recently discovered that 1 functions as
aregulator of Nrf2 (Cheng et al. 2021). Additionally, this
phenolic diterpene decreased oxidative stress in acryla-
mide-induced damage (Albalawi et al. 2018). Compound
1 can also protect against ischemic/reperfusion damage
in type 2 diabetes via regulating autophagy (Hu et al.
2019). Also, 1 in combination with carvedilol reduces
doxorubicin-induced cardiotoxicity by lowering oxida-
tive stress, inflammation, apoptosis, and autophagy (Zhang
et al. 2019). However, few studies have been carried out
to establish whether carnosic acid (1) has a therapeutic
impact on cardiac protection. In the current study, a MI
model was created via ISO injection to examine the effect
of 1 on cardiac tissue and to determine whether Nrf2 acti-
vation might inhibit the TLR4/NF-B signaling pathway.

Materials and Methods
Experimental Animals

Male Wistar rats weighing 260 +20 g were kept in polyeth-
ylene cages, six to a cage, with free access to food and water
ad libitum and maintained in cages with a 12-h light/dark
cycle, a temperature of 22 +2 °C, and a moisture content
of 60%.

Myocardial Infarction Induction

To produce MI, isoproterenol (ISO) was dissolved in nor-
mal saline and administered subcutaneously to rats (85 mg/
kg bw) every 24 h for 2 days (Giribabu et al. 2016). Male
Wistar rats were arbitrarily divided into four groups.

Group 1: NC (vehicle-normal saline)

Group 2: Ml-induced rats (normal saline administered
orally for 21 days; on day 19th and 20th, ISO was injected
subcutaneously (100 mg/kg bw)

Groups 3 and 4: carnosic acid (1, CAS Number: 3650-09-
7; purity > 98%; ChemFaces, Wuhan Biochemical Co.,
Ltd., China) 10 and 20 mg/kg bw was given orally for 21
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Fig. 1 Effect of carnosic acid Heart weight
(1) on A heart/body weight ratio

and B percentage of myocardial 0.20
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days, and on the 19th and 20th days, ISO (100 mg/kg bw)
was injected subcutaneously.

After 24 h, following the second subcutaneous injection,
all rats were anesthetized with thiopental sodium (30 mg/kg,
i.p.). Blood was drawn into tubes with and without antico-
agulant to obtain plasma and serum, respectively. Following
sacrifice, the hearts were immediately excised and washed
in ice-cold saline and they were weighed before being used
in other studies. Triphenyltetrazolium chloride (TTC) was
used to identify infarcted regions, and other portions were
used for histopathological and molecular research.

Biochemical Assays
The serum cardiac markers such as lactate dehydrogenase

(LDH; E-EL-R2547), troponin T (E-EL-R0151), and cre-
atine kinase-MB (CK-MB; E-EL-R1327) were measured

CKMB
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using ELISA kits (Elabscience, Wuhan, China). The heart
homogenates were used to establish thiobarbituric acid
responsive materials (TBARS) using the protocol described
by Ohkawa et al. (1979); superoxide dismutase (SOD) was
evaluated by using Misra and Fridovich (1972) proce-
dures; catalase (CAT) was evaluated using the procedures
described by Maehly and Chance (1954), and glutathione
peroxidase (GPx) was evaluated with the Rotruck et al.’s
(1973) methods.

Real-time RT-PCR

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used
to extract the whole RNA from the heart tissue. A set of
gene-specific primers (Table S1), a high-capacity RNA-to-
cDNA kit, was used to make complementary DNA (cDNA)
(Applied Biosystems, CA, USA), and SYBR™ Green PCR
Master Mix (Vazyme, Biotech Co., Ltd., China) was used
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Fig.2 Effect of carnosic acid (1) on serum cardiac markers A
CK-MB, B troponin, and C LDH. NC, normal control; ISO, MI-
induced group; ISO+ 10 mg/kg/bw of carnosic acid to MlI-induced
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for PCR amplification. Real-time PCR instrument, iQ5 (Bio-
Rad, Hercules, USA), was used for real-time analysis. The
quantity of expression of messenger RNA (mRNA) was
measured by using the delta-delta CT method. After nor-
malization to the housekeeping gene, B-actin, the relative
expression of each gene was determined. Three copies of
each reaction were maintained to ensure that the findings
could be replicated.

Histopathology and Immunohistochemistry

Cardiac Sects. (5 pm) were deparaffinized, rehydrated, and
stained for 1 min with Mayer’s hematoxylin and eosin stain-
ing protocols. Immunohistochemical staining was performed
according to previously described protocols (Adam et al.
2017).

Statistical Analysis

The data was expressed as mean + standard deviation (SD).
A one-way analysis of variance (ANOVA) was used for
the intergroup analysis, followed by Tukey’s post hoc tests
which were performed using SPSS software version 20.0
(SPSS Inc., Chicago, IL, USA). When p <0.05 was used, the
results were considered statistically significant.

Results and Discussion

The development of novel therapeutic and preventive medi-
cations capable of effectively decreasing cardiomyocyte cel-
lular damage is enabled by a greater understanding of the
pathophysiology and biochemical processes underlying MI.
In our present study, we looked at isoproterenol-mediated

Fig.3 Effect of carnosic acid (1) on heart histopathological changes.

NC, normal control; ISO, Ml-induced group; ISO + 10 mg/kg/bw of

carnosic acid to MI-induced rats; ISO +20 mg/kg/bw of carnosic acid

to MI-induced rats. Magnification=40 X; scale bar: 100 pm. Black
arrow shows the structural changes in myocardial structure
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heart damage from a variety of perspectives, including
pathologic and metabolic functions (Li et al. 2021). Iso-
proterenol-induced damage resulted in increased cellular
infiltrations, increased water content, interstitial edema, and
necrosis. Carnosic acid (1) suppressed cellular and intersti-
tial processes that led in isoproterenol-induced alterations
in heart mass. The ISO-treated rats showed a significantly
(p <0.01) higher heart weight to body weight ratio than the
control group (Fig. 1A). Despite this, rats administered 10
and 20 mg/kg bw of 1 prior to MI induction exhibited a
lower heart-to-body weight ratio than the MI control group.
The infarction percentage of the normal control rats was
negligible, while the infarction percentage of the ISO-
injected MI-induced rats was significantly higher (p <0.05)
(Fig. 1B). When compared to the MI control group, pretreat-
ment with 1 at 10 and 20 mg/kg bw significantly reduced
(p <0.05) the size of the myocardial infarction.

In the present study, the heart weight to body weight
proportion increased significantly during ISO administra-
tion, which might be attributed to lymphocyte seepage and
also water buildup, the formation of edematous intramuscu-
lar region, and cardiomyocyte fibrosis. Dizaji et al. (2021)
discovered a similar pattern of results in ISO-injected rats
by increasing heart/body weight ratio. Furthermore, pre-
treatment with 1 significantly reduced the ratio of heart
weight/body weight in ISO-administered rats, indicat-
ing that this phenolic diterpene has a protective effect on
myocardial damage in rats. Additionally, carnosic acid (1)
protection was indicated by the decrease in the percentage

of myocardial infarction in ISO-injected rats. The current
findings are consistent with those of Hu et al. (2019) who
discovered that CA protects type 2 diabetics (T2DM) against
ischemic/reperfusion injury through an autophagy-mediated
mechanism.

Figure 2 depicts serum cardiac markers such as CK-MB,
troponins, and LDH in experimental rats. When compared
to control rats, ISO-injected animals had significantly
(p <0.01) higher levels of CK-MB (Fig. 2A), troponins
(Fig. 2B), and LDH (Fig. 2C). When ISO-injected rats were
pretreated with 1 at 10 and 20 mg/kg bw, the serum cardiac
markers were significantly reduced as compared with the
MI control group. Myocardial necrosis occurs as a result
of the release of cardiac marker enzymes such as CK-MB,
LDH, and troponins, which is followed by changes in plasma
membrane integrity, as seen in ISO-injected rats.

Hematoxylin and eosin staining of control rat heart sec-
tions showed normal histo-architecture and an intact myo-
cardial cell membrane, whereas interstitial edema, occlusion,
and inflammatory cell infiltration with broken myocardial
fibers were seen histopathologically in the myocardium of
ISP-injected rats. Carnosic acid (1) pretreated MI-induced
rats at dosages of 10 and 20 mg/kg bw for 21 days revealed
slightly separated myocardial fibers and a few disseminated
inflammatory cells (Fig. 3). The deleterious effects of ISO
were significantly reduced after pretreatment with 1; in
addition, all marker enzymes were restored due to defense
mechanism of 1 which may have a role in maintaining the
cardiac membrane integrity and preventing heart enzyme

Fig.4 Effect of carnosic acid Nrf2 mRNA Keap-1 mRNA
(1) on Nrf2/Keap-1 signaling
pathways in the heart. mRNA § 25 g 4 *
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leakage into the blood. The findings are consistent with ear-
lier research investigations by Sahu et al. (2014) which show
that compound 1 has a protective effect in reducing myo-
cardial damage as shown by lower serum cardiac markers.

mRNA levels of the nuclear factor erythroid 2-related
factor (Nrf2; Fig. 4A), quinone acceptor oxidoreductase
(NQO-1; Fig. 4C), and heme oxygenase-1 (HO-1; Fig. 4D)
were downregulated significantly (p <0.05) in MI-induced
rat, while Kelch-like ECH-associated protein 1 (Keap-1;
Fig. 4B) levels, a sensor for thiol-reactive chemopreven-
tive compounds and oxidative stress, were upregulated as
compared with normal control rats. However, rats were pre-
treated with 1 at 10 and 20 mg/kg bw, Nrf2, NQO-1, and
HO-1 mRNA expression levels which were significantly
increased with lower Keap-1 levels as compared to the MI
control group. In rats with MI, lipid peroxidation products,
e.g., malondialdehyde (MDA; Fig. 5A), were significantly
elevated, while cardiac antioxidant enzymes such as super-
oxide dismutase (SOD; Fig. 5B), catalase (CAT; Fig. 5C),
and glutathione peroxidase-1 (GPx; Fig. 5D) levels were sig-
nificantly reduced (p < 0.05). However, rats pretreated with
1 at doses of 10 and 20 mg/kg bw for 21 days had shown
reduction in MDA, as well as increase in the levels of cardiac
antioxidants such as SOD, CAT, and GPx.

ISO induces oxidative stress by generating reactive oxy-
gen species, which results in lipid peroxidation and irrevers-
ible cell membrane damage as well as damage to intracel-
lular macromolecules (DNA, proteins, membrane lipids),
which leads to cell death or apoptosis. Numerous studies

Fig.5 Effect of carnosic acid LPO
(1) on oxidative stress and anti-
oxidant enzymes in the heart. 50
. . Ty .- =
Lipid peroxidation product lev- ‘> %
els: A malondialdehyde (MDA), = 40
B superoxide dismutase (SOD), E_ 30
C catalase (CAT), D glutathione oY)
peroxidase (GPx). NC, normal g 20
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group; ISO + 10 mg/kg/bw of g 10
carnosic acid to MI-induced =
rats; ISO + 20 mg/kg/bw of 0
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(n=6). *p <0.05: significant CAT
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from MI-induced rats 5 I
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have shown that the Nrf2 signaling pathway is strongly
related to oxidative stress. Nrf2, a redox-sensitive transcrip-
tion factor that may link with antioxidant reaction elements,
controls the production of antioxidant genes as well as clean-
ing enzymes (cytoprotective stage II) (Chen and Maltagliati
2018). Severe oxidative stress consumes a large amount of
Nrf2, interfering with homeostasis. In our present study,
Nrf2, NQO-1, and HO-1 mRNA levels also decreased in
ISO-injected rats. The equilibrium between complimentary
radicals and chemical antioxidants is a critical process for
the effective management of oxidative stress. According to
recent research, carnosic acid (1) activates the Nrf2 tran-
scription factor, causing the overexpression of cytoprotective
stage I and II enzymes (Mimura et al. 2011). Compound
1 also protects the brain from cyanide-induced damage by
activating the Nrf2 transcription factor (Zhang et al. 2015).
Furthermore, sulforaphane and carnosic acid supplementa-
tion mitigates the effects of 4-hydroxy-2-nonenal-induced
mitochondrial dysfunction. Moreover, free radical-scaveng-
ing antioxidant enzymes, including SOD, CAT, and GPx, are
the first line of defense against oxidative damage by breaking
down superoxide radicals (O,”) and hydrogen peroxidase
(H,O,) prior to their interaction to create hydroxyl radical,
which is very reactive. In our study, antioxidant enzymes
were decreased in ISO-injected rats heart (Zhang et al.
2019).

As demonstrated in Fig. 6, mRNA levels of Toll-like
receptor 4 (Tlr-4; Fig. 6A); nuclear factor kappa B subu-
nit 1 (Nfkp1; Fig. 6B); and the pro-inflammatory cytokine,
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Fig.6 Effect of carnosic

acid (1) on TLR4/NFK@ p65
pathway in the heart. mRNA
levels of A Tlr4, B Nfkbl1, C
11-6, and D 1I-1f. NC, normal
control; ISO, MI-induced
group; ISO + 10 mg/kg/bw of
carnosic acid to MI-induced
rats; ISO +20 mg/kg/bw of
carnosic acid to MI-induced
rats. Data show the mean +SD
(n=6). *p <0.05: significant
difference from control rats.
#p <0.05: significant difference
from MI-induced rats

interleukin 6 (I1-6; Fig. 6C) and I1-1p (Fig. 6D), significantly
increased (p <0.05) in MI-induced rats. After 21 days of pre-
treatment with carnosic acid (1) at dosages of 10 and 20 mg/
kg bw, Tlr-4, Nfkb1, 11-6, and II-1 mRNA levels were sig-
nificantly reduced as compared to the MI control group.

Fig. 7 Effect of carnosic

acid (1) on TLR4/NFKp p65
pathway in the heart. A TLR4.
B NFKp p65. C TNF-a. D
IL-1p. NC, normal control; ISO,
Ml-induced group; ISO+ 10
CA: 10 mg/kg/bw of carnosic
acid pretreated to MI-induced
rats; ISO 420 CA: 20 mg/kg/bw
of carnosic acid pretreated to
Ml-induced rats. Data show the
mean =+ SD (n=6). *p <0.05:
significant difference from con-
trol rats. #p <0.05: significant
difference from MI-induced rats
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According to ELISA results, Tlr-4 (Fig. 7A), NFKf-p65
(Fig. 7B), TNF-a (Fig. 7C), and IL-1p (Fig. 7D) levels were
similarly significantly (p <0.05) elevated in MI-induced
rats compared to those in normal control rats. When com-
pared to the MI control group, TLR-4, NFK-p65, TNF-a,
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Fig.8 Effect of carnosic acid (1) on immunohistochemistry of
TLR4 in the heart. NC, normal control; ISO, MI-induced group;
ISO+10 mg/kg/bw of carnosic acid pretreated to Ml-induced rats;

and IL-1p levels were significantly lower following 21 days
of pretreatment with 1 at dosages of 10 and 20 mg/kg bw.
Immunohistochemistry results confirmed that Tlr4 (Fig. 8)
and Nfkp-p65 (Fig. 9) protein distribution was higher in
MlI-induced rats as compared to that in normal control rats.
However, MI rats pretreated with CA at doses of 10 and
20 mg/kg bw for 21 days had lower Tlr4 and Nfkp-p65 pro-
tein distribution than MI-induced rats. On the other hand,
oxidative stress may cause inflammation. TLRs are often
connected to the adaptor particle MyD88, which activates
NF-xB and, in turn, increases inflammatory gene transcrip-
tions (TNF-a, IL-1p, and IL-6) that are known to cause
inflammation (Su et al. 2019). Furthermore, ISO may also
induce a rise in the inflammatory and pro-inflammatory

ISO+20 mg/kg/bw of carnosic acid to MI-induced rats. Magnifica-
tion=40 X; scale bar: 100 pm. Black arrow shows the expression of
protein in brown color

cytokines, which is consistent with previous results (Jin
et al. 2020). Additionally, when rats received carnosic acid
(1), an anti-inflammatory effect that could protect the car-
diac cells from being damaged was observed. The levels of
these cytokines were substantially decreased in the heart cell
homogenate (Kocak et al. 2016).

Conclusion
Our findings showed that carnosic acid (1) protects against

ISO-induced myocardial infarction in rats. The cardioprotec-
tive effect may be attributed to its capacity to relieve cardiac
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Fig.9 Effect of carnosic acid (1) on immunohistochemistry of
NF-xB p65 in the heart. NC, normal control; ISO, MlI-induced group;
ISO + 10 mg/kg/bw of carnosic acid to MI-induced rats; ISO +20 mg/

marker enzymes and antioxidants, and to preserve the archi-
tecture of the heart. Consequently, it is possible that carnosic
acid might be used as an encouraging cardioprotective drug
to treat myocardial infarction.

Protection of Human and Animal Subjects

The authors declare that no experiments were performed
on humans. All animal experiments were approved and
conducted in compliance with Institutional Animal Care
Guidelines. The study protocol was approved by the
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